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Foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission. Its purpose 
is to assist interested organizations in the task of keeping abreast of new results in 
reactor technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports 
that are judged noteworthy in the fields of power-reactor research and development, 
power-reactor applications, design practice, and operating experience. It is not meant 
to be a comprehensive abstract of all material published during the quarter, nor is it 
meant to be a treatise on any part of the subject. However, related reports from dif- 
ferent sources are often treated together to yield reviews having some breadth of 
scope, and background material may be added to place recent developments in per- 
spective. Occasionally the reviews are written by guest authors. Reviews having un- 
usual breadth or significance are placed at the front of the issue as Feature Articles. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Re- 
views, the overlaps will be motivated by this objective of viewing current progress 
through the eyes of the reactor designer. 

A degree of critical appraisal and some interpretation of results are often necessary 
to define the significance of reported work. Any such appraisal or interpretation repre- 
sents only the opinion of the reviewer and (in the usual case, when the review is written 
by General Nuclear Engineering Corporation staff) the Editor. When the review is pre- 
dominantly interpretive, the reviewer is named; unless identified as a guest author, he 
is a member of the General Nuclear Engineering Corporation staff. Readers are urged 
to consult the original references to obtain all the background of the work reported and 
to obtain the interpretation of the results given by the original authors. 

For timely coverage, Power Reactor Technology must often review fragmentary ma- 
terial. The fixed subject headings listed below have been adopted in the hope of main- 
taining some continuity and order in the material from one issue to another: all re- 
views except Feature Articles will be arranged under these headings. A particular issue 
will not necessarily contain all the headings but only those under which material is re- 
viewed. 


Economics, Applications, Programs Systems Technology 

Resources and Fuel Cycles Components 

Physics Design and Construction Practice 
Fluid and Thermal Technology Operating Experience 

Fuel Elements Specific Reactor Types 
Materials Specific Applications 

Control and Dynamics Unconventional Approaches 


Containment, Radiation Control, and Siting 


W. H. Zinn, President 
J. R. Dietrich, Vice-President and Editor 
General Nuclear Engineering Corporation 


DEPOSITED BY THE 
UNITED STATES OF AMERICA 


Contents 





Foreword 


I ECONOMICS, APPLICATIONS, 
PROGRAMS : 
Solid-Fuel Gasification 
References 


H PHYSICS . 


Critical and Exponential Experimente 


References 


HI FLUID AND THERMAL 
TECHNOLOGY D š 
Burnout Limits for Boiling- 

Water Reactors 
References 


IV FUEL ELEMENTS 


Programs at:GE-APED Sponsored by 


USAEC and Euratom 
References 


V CONTROL AND DYNAMICS 
Period Meters 

Transducers . 
Servomechanism Reliability . 
References 


VI CONTAINMENT, RADIATION 
CONTROL, AND SITING 


Low-Pressure Containment Building . 


14 


14 
26 


27 


27 
48 


51 
ol 
52 
53 
53 


. 54 
. 54 


Moisture Separators and Particulate 
Filters 

Iodine Removal 

References 


VII COMPONENTS . 
Sodium-Heated Steam Generators s 
Gas-Heated Steam Generators 
Liquid-Metal Pumps ; 
Canned Pump for Organic Service š 
Butterfly-Valve Cavitation Test 
Fuel-Handling Equipment 
References k VW 


VIII DESIGN AND CONSTRUC TION 
PRACTICE ; 
Humboldt Bay and Big Rock Point a 
References i. a E i 


IX SPECIFIC REACTOR TYPES . 
Heavy-Water Reactors 
References 


X UNCONVENTIONAL APPROACHES 

Design Study of Thermionic Nuclear 
Plant 

General Ther mionic ‘Considerations 

Thermoelectric Power Supply 

References 


Issued quarterly by the U. S. Atomic Energy Commission. Use of funds for printing this 
publication approved by the Director of the Bureau of the Budget on October 14, 1963. 


. 105 
. 106 
. 106 


55 
55 
58 


60 
60 
64 
65 
67 
68 
68 
68 


70 
70 
84 


85 
85 
97 


99 


99 


Distonce from Outlet End, ft 
11.8 100 80 60 40 20 006 
11.0 90 7.0 5.0 30 10 | 003 


Thermocouple Numbers 


29 (9) (9 @ OHH (à @ (2 é @% @ @ G 





iss; =s 
| l 
f Flow Flow | 


Fig. II-9 Test section thermocouple locations.!® 


20 


O 


N 


O 
œ 


Q 


o 


O IO 20 
Steam Quality, wt % 


Burnout Heat Flux BtuAhrXsq ft) x 106 





560 600 640 680 720 760 800 840 
Enthalpy at Burnout Location, Btu/Ib 


Moss Velocity 


A-5.O x IO Ib/AhrXsq ft) 
0-6.0x IOŠ Ib/thrXsq ft) 
D-7.O x IOS Ib/hrXsq ft) 


++ Flagged Symbols Indicate Upstream 
Burnout 


Fig. II-10 Experimental boiling-burnout data.!5 


0.8 





$ 

© Q7 

= 

T 

< 

Š š 

m 

x 

Ə 

= 

° 6 

2 o5 G = 5.O x 10° Ib AnrXsq ft) 
Tsat = 598° F 
Tinlet = 588° F 

04 


618 620 622 655 780 800 850 
Calculated Surface Temperature , °F 


Fig. II-11 Test-section temperatures during a typi- 
cal upstream burnout run. 
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Note: In Power Reactor Technology, 6(4): 61, these figures were printed in the 
wrong order. The correct order is shown here. 
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Power Reactor Technology 


Solid-Fuel Gasification 


A study of the economic feasibility of using 
nuclear energy to convert coal to synthesis gas 
for the manufacture of ammonia, methanol, 
synthetic pipeline gas, and liquid fuels is re- 
ported in Ref. 1. The analysis does not con- 
sider reactor design but proceeds on the as- 
sumption that the nuclear heat is supplied in 
the form of hot, nonradioactive helium at a 
pressure of about 435 psig and at temperatures 
in the 2000 to 2500°F range. The heat con- 
sumptions in the installations considered are 
in the range of 250 to 400 Mw(t). Two plants 
were evaluated; one produced 90 million stand- 


Programs 


ard cubic feet per day of 930 Btu/lb pipeline 
gas, and the other produced a variety of fuels 
and chemicals. The investments in the chemical 
plants considered (exclusive of the nuclear 
power source) range from $45 million to 
$133 million; therefore the nuclear plant does 
not represent the major portion of the total 
investment. 

At present coal gasification, although techni- 
cally feasible, has not been put into com- 
mercial practice in the United States because 
of cost disadvantages compared to processes 
utilizing naphtha or natural gas as sources of 
synthesis gas. A major contributor to the high 
cost of coal gasification using conventional 
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Fig. I-1 Schematic flow diagram of gasification section.! 
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fuels has been the cost of oxygen.! The reac- 


tion that takes place when coal is gasified is 
endothermic, and the oxygen is used to burn a 
portion of the coal to produce the necessary 
heat. Air cannot be used because the nitrogen 
thus introduced would end up as a major im- 
purity in the product synthesis gas. The use of 
a nuclear reactor as a source of heat over- 
comes the problem of dilution of the product 
gas by nitrogen and by the CO, that is also 
produced by the combustion of coal. A sche- 
matic of the process is shown in Fig. I-1. 

The results of the study with respect to the 
cost of pipeline gas are shown in Table I-1. 
The selling prices of pipeline gas that is pro- 
duced from coal gasification by both conven- 
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tional fuel and nuclear heat are compared in 
Table I-2. 

Although the use of nuclear heat offers sub- 
stantial cost advantages compared to processes 
using O,, the range of $1.32 to $1.51 still is 
about a factor of 2 higher than natural-gas 
prices in the eastern portion of the United 
States.! 

The lignite processing plant was assumed to 
be in North Dakota, whereas the bituminous 
coal processing plant was assumed to be in 
West Virginia. The reference concludes that 
the manufacture of pipeline gas with the use of 
nuclear heat should be studied further if a 
market could be developed for pipeline gas in 
North Dakota, since the present market is 


Table I-1 EFFECT OF RAW MATERIAL COST, COST OF 
NUCLEAR HEAT, AND GROSS RETURN ON INVESTMENT 
ON THE SELLING PRICE OF PIPELINE GAS! 


Selling price of pipeline gas, $/thousand standard cu ft 














Cost of ; : : 
ñuoleat heat, Lignite Bituminous coal 
$ /million Btu $1.50/ton $2.00/ton $2.50/ton $4.00/ton $5.00/ton $6.00/ton 
Gross Return = 12% 
0.50 0.71 0.75 0.79 1.08 1.13 1.18 
0.80 0.78 0.82 0.86 1.19 1.24 1.29 
Gross Return = 20% 
0.50 0.83 0.87 0.91 1.27 1.32 1.37 
0.80 0.90 0.94 0.98 1.38 1.43 1.48 
Gross Return = 30% 
0.50 0.98 1.02 1.06 1.51 1.56 1.61 
0.80 1.05 1.09 1.13 1.62 1.67 1.72 
Table I-2 COMPARISON OF PRICES OF PIPELINE GAS 
PREPARED BY VARIOUS PROCESSES! 
Gas selling price at 20% 
gross return, 90% stream 
efficiency, $5/ton coal, 
Source of $/thousand standard 
information Process cu ft 
Present study Fluid-bed gasification, nuclear 
heat at 
$0.50/million Btu 1.32 
$0.80/million Btu 1.43 
$1.00/million Btu 1.51 
Kellogg! Lurgi steam-oxygen gasification 1.70 
Suspension gasification with 
steam and oxygen 1.49 
Bureau of Mines2 Suspension gasification with 
steam and oxygen 1.55 
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Fig. I-2 Permissible cost of heat to yield same pipe- 
line gas selling price as 2500°F helium at $0.50 per 
million Btu. Cost of heat includes operating cost of 
reactor plant, return on investment (20%), and special 
costs associated with nuclear operation. 


limited. It is significant that the effect of the 
helium temperature is an important one (Fig. 
I-2). The helium temperature for gasifying 
bituminous coal! should be at least 2500°F, 
whereas the temperature requirement for gasi- 
fying lignite probably would be somewhat lower. 

The manufacturing complex for producing a 
mixture of products consisting of gasoline, 
ammonia, methanol, hydrogen, and other chemi- 
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cals from synthesis gas produced with nuclear 
heat looked unattractive economically. How- 
ever, the economics of the ammonia and metha- 
nol components of the complex appeared quite 
favorable, and the reference suggests that 
plants producing these products alone would be 
fruitful areas for further study. The reference 
concludes with a general comment on this rela- 
tion: 


It appears that the best applications for nuclear 
heat will be found in trying to improve an existing 
commercial process, not in trying to make a cur- 
rently uneconomic process look attractive. For 
example, gasoline and pipeline gas are not produced 
from synthesis gas in the United States today, and 
the advent of cheap nuclear heat will not change the 
picture significantly. On the other hand, ammonia 
and methanol are manufactured from synthesis gas 
on a commercial scale, and the use of nuclear heat 
may furnish a significant cost advantage, whether 
the raw material used to make the synthesis gas be 
coal, oil, or natural gas. This would seem to be a 
fruitful area for further study. 


References 
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Power Reoctor Technology 


Critical and Exponential 
Experiments 


A recent paper by Kaplan! gives a review of the 
use of subcritical and critical assemblies for 
the measurement of reactor parameters. It con- 
siders the various methods employing such as- 
semblies from the points of view of their con- 
sistency with one another and of their accuracy 
and usefulness in measuring the basic charac- 
teristics of chain-reacting lattices for use in 
practical reactors. In addition to the conven- 
tional critical and exponential assemblies, the 
review considers three related methods that can 
utilize much smaller samples of the experimen- 
tal lattice. These methods are the following: 

1. Substitution, or two-region, critical ex- 
periments. In these experiments the critical 
buckling is first measured in a reference lat- 
tice; thereafter a central portion of the refer- 
ence lattice is replaced by the experimental 
lattice, and the buckling of the experimental lat- 
tice is evaluated from the change in critical 
buckling produced by the substitution. This 
method has been applied extensively to heavy- 
water lattices at the Savannah River Labora- 
tory, and it is particularly convenient when 
liquid moderators are used so that the change 
in buckling can be evaluated by the change in 
critical moderator level. 

2. The flat-region technique, which has been 
used at Hanford in the Physical Constants Test- 
ing Reactor (PCTR). In this system a refer- 
ence assembly is first made critical with an 
empty cavity at its center. The cavity is then 
filled with the experimental lattice, and some 
parameter of the experimental lattice is varied 
uniformly over its volume until the entire as- 
sembly is again critical. At this point the gross 
neutron-flux distribution in the experimental 
lattice is flat (as it was in the empty cavity), 


4 


and the infinite multiplication factor (.) for 
the experimental lattice is unity. Usually the 
adjustable parameter is an absorbing poison 
with an absorption cross section that varies 
with energy in a way that is easily handled by 
computation.* 

3. The miniature-lattice technique. This 
method utilizes a suitable neutron source, usu- 
ally a reactor, to irradiate a small assembly of 
the experimental lattice. No attempt is made to 
determine reactivity or buckling, but the basic 
lattice parameters such as thermal utilization | 
and resonance escape probability are measured 
at points near the center of the assembly. 


It is quite evident that a primary concern in 
any of the small-lattice techniques must be to 
assure that the quantity measured is charac- — 
teristic of the neutron spectrum in the experi- 
mental lattice and is independent of the spec- 
trum of the lattice that feeds neutrons to the 
experiment. Basically this involves the use of 
buffer regions between the two lattices, but the 
manner in which this technique is applied varies 
with the general method of the experiment and 
with the quantities being measured. 

The reference! examines the mutual consist- 
ency of the results that have been obtainedin the 
past by the several methods involving critical 
or subcritical lattices, with the comparison 
being organized about the several lattice types 
that have been subjects of extensive measure- 
ment programs: graphite-moderated, heavy- 
water-moderated, and light-water-moderated 
lattices. The review emphasizes the limitations 
of integral experiment techniques for investi- 


*Recent investigations of this technique, for lat- 
tices having important fractions of epithermal fis- 
sions, have been carried out at the Babcock & Wilcox 
laboratory and are reviewed here in later paragraphs 
(see Fig. II-1). 
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gating the practical situations such astempera- 
ture, voiding, and fission-product poisoning, 
which occur in practical reactors. However, it 
necessarily confines its attention to the proper- 
ties of more or less uniform lattices, since it 
is only in this area that extensive experimental 
information exists. Often the reactor designer 
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Solution Assemblies 


Power Reactor Technology, 6(1), contains a 
description of the Hanford 14-in.-diameter 
stainless-steel spherical critical assembly and 
of the experimental technique used there in 
measuring the worth of various solid reflector 


Driver- Fueled 


Reflector 





Fig. H-1 Small-lattice assembly plan (top view).!? The test insert is a removable sublattice of 196 
fuel rods. The insert itself is 6 ft long. The central 18 in. of the test insert contains the test region, 
the region that is poisoned and replaced by a void in the null reactivity measurements. The top and 
bottom 27-in. lengths form the axial parts of the inner buffer. The outer buffer is ThO,-UO, fuel, 
and the driver region is graphite blocks containing u*55 foils. The air space around the tank is not 
to be confused with the void region which is replaced by the test insert. 


finds that the major concern is not so much 
with the basic lattice parameters as with the 
complexity introduced by such local perturba- 
tions as water channels and control rods, the 
complex power distributions resulting from 
control-rod installations, temperature and void 
distributions, and burnup distributions. These 
questions are sometimes investigated by means 
of critical experiments of the mockup type. A 
recent experimental program of this type for a 
rather complex reactor, the Boiling Nuclear 
Superheat Reactor (BONUS) is described in 
Ref. 2. 


materials on critical plutonium nitrate solu- 
tions. The measurements covered a range of 
plutonium concentrations and acid molarities. 
In a continuation of this program, critical 
masses were determined® as functions of plu- 
tonium concentrations (33.5 to 70.4 g/liter) and 
acid molarities (~2.0 to 6.7) when the sphere 
was reflected by water and when the sphere was 
wrapped with a 0.030-in. layer of cadmium and 
water reflected. In addition, critical mass data 
were obtained for various thicknesses of the 
spherical stainless-steel wall to permit an 
evaluation of wall effects. The following conclu- 
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sion is drawn by the authors. Results obtained 
with the cadmium-wrapped vessel are of par- 
ticular interest in nuclear safety applications 
where flooding is a possibility since, under the 
concentration range covered by the experiments, 
the data show that a vessel wrapped with cad- 
mium would be only nominally reflected (re- 
flector equivalent to 1 in. or less of water). The 
safe dimension could then be based on the con- 


dition of a nominal reflector, rather than on the 
more restrictive fully reflected condition with 


its consequent smaller size. After corrections 
are made for solution volumes and Pu?® con- 
centrations, very good agreement is obtained 
between the present data and data obtained by 
Kruesi et al.‘ in the Hanford P-11 program. 


Criticality measurements on plutonium nitrate 
solutions contained in an 11.5-in.-diameter 
stainless-steel sphere with water reflector are 
reported in Ref. 5. Plutonium concentrations 
ranged from 51 to 431 g of plutonium per liter. 
The plutonium contained 4.6 wt.% Pu?®. Criti- 
cality of the system was studied as a function 
of nitrate concentration. The results, which 
consisted of four criticality determinations, in- 
dicated a double value (about 150 and 295 g/liter) 
for the critical plutonium concentration at a ni- 
trate concentration of 303 g/liter. All plutonium 
concentrations between these two values would 
be supercritical at the specified nitrate con- 
tent. This behavior illustrates the sensitivity of 
the critical mass to neutron-spectrum effects 
in high-concentration high-leakage plutonium 
solutions, where the critical value of the ther- 
mal utilization is near unity. Analysis of the 
results indicated that the critical plutonium 
concentration for zero nitrate content (95.4% 
Pu239 4.6% Pu?t®) would be 65.0 + 5.0 g/liter for 
the water-reflected 11.5-in. sphere and 28.3 + 
0.7 g/liter for the water-reflected 14-in. sphere 
discussed above. 


Pulsed neutron-source experiments also were 
performed along with the critical-mass meas- 
urements. The multiplication factor was deter- 
mined as a function of plutonium concentration 
and solution volume in the sphere. One of the 
purposes of these experiments was to examine 
the feasibility of the pulsed-source technique 
for ker measurements on in-plant equipment; it 
is stated: “Whether ker; measurements can be 
made on process vessels (which are well sub- 
critical and located in fixed plant areas) with 
sufficient accuracy to establish nuclear safety 
limits remains to be demonstrated.” 
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A series of calculations of the critical config- 
urations were performed, using the GAM -I code 


for fast group parameters and the TEMPEST | 


code for thermal constants. These calculations 
give kei to about 0.6%. 


Measurements were carried out at the PCTR 
on the limiting critical concentrations of U? 
and Pu? in aqueous solutions [Power Reactor 
Technology, 6(1)]; the measured values were 
12.94 + 0.03 g of uranium per liter and 8.4- 
1.0 g of Pu?’ per liter, respectively. The rela- 
tively large uncertainty in the Pu?’ value was 
the result of uncertainties in the corrections 
for the worth of the stainless-steel containers. 
Subsequent measurements’ on the limiting criti- 
cal concentration of dilute uranyl fluoride in 
stainless-steel containers have provided more 
accurate data on the worth of the containers. It 
was also shown that, for stainless-steel con- 
tainers, a container filled with helium was less 
reactive than an evacuated container, the meas- 
ured reactivity difference being a function of the 
container wall thickness. Since previous meas- 
urements with Pu??? solutions used helium -filled 
containers as a reactivity base for normaliza- 
tion of the data, correction for this effect was 
necessary. After the corrections were applied. 
the limiting concentration of uranium (93.15% 
enriched) was found to be 13.0 + 0.1 g of ura- 
nium per liter. This value is in good agreement 
with the previously accepted value of 12.94- 
0.03 g of uranium per liter, which was obtained 
using aluminum containers. Application of the 
necessary corrections to the previously meas- 
ured plutonium data, which also include correc- 
tions for the Pu’, pu! and nitrate content of 
the solutions, resulted in a value of 8.1 + 0.3 g 
of Pu239 per liter as the limiting concentration 
of a Pu?®_water solution. This value is in better 
agreement with the Monte Carlo calculated value 
of 7.71 + 0.46 g of Pu?’ per liter. 


Boiling-Superheating Reactors 


The superheater region of the first-generation 
core for the Pathfinder reactor will contain 
fully enriched uranium dioxide fuelin stainless- 
steel cermet, clad with stainless steel, in the 
form of dual coaxial fuel tubes. An advanced 
superheater design for the second-generation 
core contains fuel elements of a seven-pin 
cluster type which utilize uranium oxide fuel of 
approximately 4% enrichment. Experiments that 
are described in Ref. 7 were directed toward 
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obtaining the information necessary for the 
computation of the thermal utilization and reso- 
nance escape probability for this type of fuel. 
The fuel pins used were 36'/ in. long and were 
made up of 0.214-in. UO, pellets which had 95% 
of the theoretical density and which were in 
stainless-steel tubes of 0.010-in. wall thickness. 
The three enrichments studied were 3.5, 4.0, 
and 7.0% U’, and three lattice spacings were 
studied for each enrichment. Results are also 
given for a six-pin cluster (center pin removed) 
for the 3.5 and 7.0% enrichments. The experi- 
ments were performed in the Pathfinder reactor 
core mockup. This mockup is approximately a 
right-circular cylinder 6 ft in diameter and 6 ft 
high, containing a central superheater region 
approximately 2.5 ft in diameter. The experi- 
mental data were taken at the radial geometric 
center of this superheater region, which was 
loaded with a sufficient number of the experi- 
mental assemblies (at least 25) to yield a typi- 
cal spectrum at the center. Local flux distri- 
butions, disadvantage factors, cadmium ratios, 
and distributions of U238 activation are given for 
flooded and voided conditions. 


A method of measuring the void distribution 
in an operating boiling reactor was proposed 
some time ago by S. Untermeyer. The local 
void content is inferred from the local ratio of 
epithermal-to-thermal neutron flux, which in 
turn is indicated by the measured local value 
of a cadmium ratio. Work on an exponential 
mockup of the BORAX-V reactor to explore the 
cadmium-ratio technique and to prepare a 
calibration curve for use of the technique in 
BORAX-V is described in Ref. 8. The known 
voids used in the mockup were made of sealed 
polyethylene tubes of the appropriate length and 
number. The void fractions simulated in this 
manner ranged from 0 to 0.4. The correspond- 
ing range of the measured cadmium ratio was 
6.1 to 4.6. The radial flux distribution across a 
BORAX type fuel assembly and the flux details 
in and around fuel rods were also determined 
in the program. Nine of the BORAX-V subas- 
semblies were mocked up in the exponential ex- 
periment. The neutron source for the experi- 
ment was provided by the TREAT reactor. 


Heavy-Water Assemblies 


A summary of experimental and theoretical 
results obtained in the Heavy-Water Lattice 
Project of the Massachusetts Institute of Tech- 
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nology during the period October 1961 to Sep- 
tember 1962 is presented in Ref. 9. An initial 
study has been made in the main subcritical 
(exponential) assembly with 1-in.-diameter 
natural-uranium rods in triangular lattices of 
4-, 5-, and 7.5-in. pitches. Material bucklings 
were measured and compared with results 
measured in both critical and exponential ex- 
periments at other laboratories. The ratios of 
fission rates in U238 relative to U2, as well as 
the epicadmium-to-subcadmium fission ratios 
in U235. were also measured. Experiments re- 
lated to resonance capture in U?’ included 
measurement of the average U?’ cadmium 
ratio, average ratio of the U238 capture rate to 
the U? fission rate, distribution of resonance 
neutrons in the moderator, and quantities re- 
lated to the effective resonance integral of U238, 
Data on intracellular thermal-neutron distribu- 
tion were measured and compared with the pre- 
dictions of the one-dimensional THERMOS code. 
In the relatively tight lattices (those in which 
the spacing between fuel rods was comparable 
to or less than the mean free path for thermal 
neutrons), the one-dimensional cylindrical rep- 
resentation of the unit cell did not predict the 
correct relative fluxes in the fuel and moder- 
ator regions. Two-dimensional THERMOS cal- 
culations, which approximated the hexagonal 
cell boundary more accurately, did provide 
better agreement with the experimental data. 
Measurements similar to those described above 
are being repeated for slightly enriched uranium 
fuel rods. 

Also summarized’ are the theoretical and ex- 
perimental results from experiments on slightly 
enriched fuel rods that were moderated by D,O 
and D,O-H,O mixtures in the small or miniature 
lattice studies. These measurements include 
the axial and radial flux traverses, the cadmium 
ratio of U238 the U238_to-U235 fission ratios, and 
the intracellular flux traverses with cadmium- 
covered gold foils. 

Calculations reported in Ref. 10 relate to the 
uniform-lattice critical experiments performed 
in the ZPR-VII critical assembly with thoria- 
urania fuel and heavy-water moderator. The 
fuel consisted of pellets of thorium oxide and 
highly enriched uranium oxide, with atom ratios 
of thorium to U235 of 25:1 and 15:1. Experi- 
ments were carried out with both types of fuel 
in uniform triangular lattices having pitches of 
1.905, 2.8575, 3.81, and 5.715 cm. The results 
of experiments for both uniform .and clustered 
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lattices are given in Ref. 11. Group constants, 
material bucklings, and reflector savings were 
calculated for the various lattice pitches em- 
ployed in the experiments. Analyses were per- 
formed, and these included measurements of 
cadmium ratios of U? and thorium, water- 
worth experiments, and fuel-substitution ex- 
periments. 


Spectral Shift 


Previous experimental work under the Spec- 
tral Shift Control Reactor (SSCR) Basic Physics 
Program has been reviewed earlier [Power Re- 
actor Technology, 5(4): 17; 6(2): 13; and 6(3): 
81]. References 12 and 13 contain results of 
work performed under this program during the 
ninth and tenth contract quarters. Results from 
critical experiments with the 2.46%-enriched 
UO, fuel rods at a nonmoderator-to-moderator 
volume ratio of 0.65 are given. The two moder- 
ator compositions studied were 85.5 and 70.0 
mole % D,O (remainder H,O). For each of these 
lattices the measurements include critical size, 
reactivity change with water height, critical 
buckling, reflector savings, thermal disadvan- 
tage factor, cadmium ratio of U238. and the fis- 
sion cadmium ratio of U’, Also, perturbation 
experiments were performed at a nonmoderator- 
to-moderator volume ratio of 1.0 and a moder- 
ator composition of 72 mole % D,O. Local flux 
distributions and the reactivity worth of various 
perturbations in the core were studied, including 
the effect of a boral blade inserted in the uni- 
form lattice, the effect of a moderator gap in 
the uniform lattice, the effects of boral, cad- 
mium, and aluminum blades, respectively, ina 
moderator gap, and the effects of boral and alu- 
minum cruciforms, respectively, in a modera- 
tor gap. 

The results of the first small-lattice experi- 
ment are of particular interest. The purpose of 
this experiment was to demonstrate, for sys- 
tems having a high percentage of fissions oc- 
curring at epithermal energies, the validity of 
methods used previously for thermal systems 
in the Physical Constants Testing Reactor at 
Hanford. Reactor parameters susceptible to 
measurement by this technique include the in- 
finite multiplication factor and all the intra- 
cellular lattice parameters normally measured 
in a critical experiment. In this first experi- 
ment in the SSCR program, a direct compari- 
son of results obtained in the small lattice could 
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be made with a corresponding critical experi- 
ment. The critical experiment utilized over 
2000 fuel rods that were 6 ft long and 4% en- 
riched, whereas the small test lattice required 
only about 200 rods which were of the same 
type but which were 18 in. long. 

The source reactor for the small-lattice ex- 
periment was a graphite honeycomb mounted on 
a split-bed assembly (Fig. I-1). Suitable ad- 
justment of graphite bars and highly enriched 
uranium-aluminum foils gave a critical sys- 
tem. A center cavity approximately 2 ft square 
houses a 2-ft-diameter aluminum tank that con- 
tains the test lattice and buffer regions. In this 
experiment the buffer region adjacent to the 
test lattice had the same composition as the 
test lattice. However, calculations indicate that 
a substantial part of the buffer might be re- 
placed by dissimilar material without signifi- 
cant increase in the error caused by spectral 
mismatch. The nonmoderator-to-moderator 
volume ratio in the test lattice (and buffer re- 
gion) was unity, and the moderator composition 
was approximately 70 mole % D,O. 


Table II-l1 COMPARISON OF PARAMETER 
MEASUREMENTS IN THE SMALL-LATTICE AND 
CRITICAL EXPERIMENTS” 


Small-lattice Critical 


Parameter experiment experiment 
Re 1.131 + 0.008 1.130 + 0.006 
bm/ $y 1.159 + 0.007 1.157 + 0.009 
C>s* 2.440 + 0.006 2.434 + 0.012 
C>s* 1.086 + 0.002 1.087 + 0.004 





*Cadmium ratios. 


An extensive analysis of the errors intro- 
duced by spectral mismatch between the test 
and buffer region and the nonflatness of the 
spectral flux across the test region indicated 
that, at least for this experiment, these errors 
are small and, in fact, tend to cancel each 
other. A comparison of the final results ob- 
tained from the small-lattice experiment and 
the corresponding critical experiment is given 
in Table H-1. 


Graphite-Moderated Assemblies 


Results of a series of graphite-moderated 
uranium-metal-fueled critical experiments are 
given in Ref. 14. The graphite assembly is 8 ft 
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high and 12 ft in diameter. The fuel elements 
are hollow cylinders that are 1 in. in outside 
diameter and * in. in inside diameter, and they 
contain uranium metal enriched to 2 wt.% U?*. 
The elements are assembled from individual, 
hollow cylindrical slugs of uranium metal clad 
with approximately 3 mils of nickel and stacked 
in 40-mil aluminum tubes to the desired height. 
The triangular lattice spacings studied ranged 
from 6.93 to 16.00 in., corresponding to mod- 
erator-to-fuel volume ratios from 25 to 140. 
An effectively infinite reflector was maintained 
radially for most of the assemblies, but there 
was no axial reflector. 

In addition to critical-size measurements on 
the various fueled lattices, the thermal-diffusion 
length of the graphite was measured to deter- 
mine the effective absorption cross section of 
the graphite. 

The criticality experiments were analyzed 
by utilizing available IBM-7090 codes, and, in 
general, good agreement was obtained between 
calculation and experiment by means of a four- 
group scheme. The AIM-5 one-dimensional spa- 
tial code in four groups was used with fast 
constants from the FORM Fourier transform 
slowing-down code and thermal constants 
from a TEMPEST thermal-spectrum-S, spatial 
scheme. Neutron streaming through the air- 
filled centers of the fuel elements was accounted 
for by the method of Behrens. Some two-group 
calculations were performed, but the fit to ex- 
periments was not good. This is attributed to 
the inadequacy of the epithermal leakage terms 
and the failure of this scheme to give the proper 
balance between epithermal absorption and fis- 
Sion. However, the four-group scheme agreed 
with experiment to better than 1% on keff for 
all the lattices. It was also noted that some im- 
provement was obtained in the agreement if the 
usual assumption of a Maxwell-Boltzmann ther- 
mal distribution was replaced by a calculated 
Wilkins spectrum. 

Results of physics work performed under the 
BICEP program (British Industrial Collabora- 

tive Exponential Programme) were originally 
reported in 21 United Kingdom Atomic Energy 
Authority reports. A collection of these reports, 
along with the necessary editorial changes for 
the collection, is found in Refs. 15 to 17. The 
program was initiated to provide reactor phys- 
ics data for the development of gas-cooled 
graphite-moderated reactor systems. Specifi- 
cally, physics data were obtained for various 
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fuel-element concepts under development in 
Britain. Exponential experimentS were per- 
formed on graphite-moderated assemblies of 
rods and tubes of natural uranium metal, 
enriched-uranium metal rods, and clusters of 
uranium metal and uranium oxide rods. In ad- 
dition, many fine-structure measurements were 
made. 

The zero-energy reactor ZENITH has been 
used to measure! the temperature coefficients 
of reactivity of systems fueled with U235 and 
moderated and reflected by graphite. With 
ZENITH it is possible to investigate the effects 
of core plus end-reflector temperature up to 
800°C and side-reflector temperature up to 
400°C. Nitrogen circulates through a heater 
beneath the core and passes between the fuel 
elements; in the plenum above the core, the 
nitrogen may be mixed with cooler gas before 
passing down through the side reflector. A ther- 
mal barrier of lampblack between core and side 
reflector reduces heat transfer. 

Temperature coefficient measurements were 
made in the fourth loading of ZENITH; this load- 
ing contained 7.72 kg of U***, corresponding toa 
carbon-to-U*** atomic ratio of 7788. This core ` 
was the most dilute system in the projected ex- 
perimental program on U?” systems. Reactivi- 
ties were measured by the rod drop method and 
the critical-balance-point method. In the former 
method all measurements were made to the 
same shutdown configuration, whereas in the 
latter method a fine and a coarse control rod 
were calibrated by positive period techniques. 
Temperature coefficients were then evaluated 
from the change in critical positions of the cali- 
brated rods. The rod oscillator technique was 
used to evaluate the prompt-neutron lifetime 
and to provide additional calibration data for the 
fine control rod. Axial and radial weighting fac- 
tors for the temperature measurements were 
evaluated by measuring the worth of copper 
tubes at various positions in the core. 

Core and end-reflector temperature coeffi- 
cients, as well as side-reflector temperature 
coefficients, are given!® for several tempera- 
ture ranges and control-rod configurations. 
Apart from a possible insignificant increase in 
the lowest temperature interval, the tempera- 
ture coefficient for the core plus end reflectors 
shows no evidence of temperature dependence. 
The mean temperature coefficient over the 
range 147 to 367°C is —(15.6 + 1.6) x 107° per 
degree centigrade. The side-reflector coeffi- 
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cient is positive and, as found for previous load- 
ings, decreases as the number of inserted con- 
trol rods increases. Calculated values of the 
temperature coefficient, except for the side- 
reflector values, agree well with experiment. 
The accuracy of the experimental measure- 
ments is somewhat impaired by a nonuniform 
core-temperature distribution. 

In order to test theoretical calculations of 
buckling and reaction rates in plutonium- 
graphite assemblies using basic nuclear data, 
a series of near-homogeneous plutonium— 
graphite exponential lattices was studied in a 
program reported in Ref. 19. Measurements 
were made of the material bucklings, disad- 
vantage factors, and relative fission rates of 
U2) pu239 and U3, The carbon-to-plutonium 
atom ratio covered the range 2420 to 14,520. 
Relative fission-rate measurements were made 
in one lattice at 200 and 370°C. One experiment 
was also performed on an enriched-uranium 
lattice similar to one of the plutonium experi- 
ments. Fuel for the experiments was in the form 
of plutonium-aluminum spikes that were 28 in. 
long, 1.2 in. wide, and 0.02in. thick. Each spike, 
containing 6.5 g of plutonium, was sheathed 
in 0.02-in.-thick aluminum. Approximately 2.5 
at.% of the plutonium consisted of the isotope 
Pu’, The graphite was in the form of square 
prisms, which were 28 in. long and 1.73 in. in 
the other two dimensions. 

STEWPOT, a 43-group slowing-down code for 
the Mercury computer, was used for theoretical 
calculations of the experiments. A comparison 
of the calculations with experiment indicated 
that for these systems the STEWPOT code will 
predict the material bucklings to +3%. Calcula- 
tions of the U233_to-U235 fission ratios show good 
agreement with experiment. However, the cal- 
culated Pu29_to-U235 fission ratios are con- 
Sistently lower than the experiments by almost 
6 to 9%. The reference points out that the en- 
ergy group breakdown in STEWPOT was not in- 
tended for plutonium-fueled systems and is not 
optimum for them. 

Measurements of thorium resonance-capture 
activations relative to those of Aut’, which were 
made in the Peach Bottom (HTGR) critical as- 
sembly, are analyzed in Ref. 20 and are com- 
pared with thorium resonance activations calcu- 
lated from the tabulated values of the resonance 
parameters. Since some of the thorium activa- 
tion measurements employed thorium oxide dis- 
persed quasi-homogeneously in graphite, reso- 


Vol. 7, No. | 


nance captures inthorium were measured by the 
vanadium-subtraction technique rather than the 
cadmium-ratio technique. The former method 
measures the resonance capture rate of an un- 
known nuclide relative to that of a thin foil of 
Au! which is assumed to be known. The va- 
nadium is employed to determine and subtract 
the 1/v cross-section component for the un- 
known nuclide. To check the technique and as- 
Sure internal consistency, auxiliary measure- 
ments employing U?’ and Mn™ were carried 
out. The cadmium-ratio technique was employed 
to obtain measurements of the resonance cap- 
ture rates of vanadium, Mn, and Th??? foils 
placed in a void in the HTGR critical assembly. 
The measurements for the latter two elements 
were made for comparison with results obtained 
by the vanadium-subtraction technique. 


Included in Ref. 20 is a review of the status 
of the knowledge of absorption cross sections 
and resonance parameters for thorium and gold. 
Two alternative sets of resonance parameters 
were selected for thorium and were employed 
in the calculations for comparison with the ex- 
perimentally measured data on thorium reso- 
nance captures. The measurements show that 
the lowest several resonances of thorium cap- 
ture less strongly than would be predicted by 
the listed parameters. This reduced capture is 
such that the thin-limit, epicadmium, 1/E spec- 
trum resonance integral is about 84 barns in- 
stead of the 96 barns predicted by listed pa- 
rameters. 


BeO-Moderated Assemblies 


The interaction effects of hafnium control 
rods in a near-homogeneous BeO-moderated 
oralloy-fueled system were measured”! for two 
to five rods by the pulsed-neutron technique. 
The subcritical assembly used consisted of a 
matrix of BeO blocks and oralloy foils. One 
portion of the matrix was stacked on the plat- 
form of a hydraulic ram, and the second portion 
was supported directly above on a 0.019-in.- 
thick stainless-steel diaphragm. Seven hori- 
zontal slots, 1 by !ÁA in., were built into the 
lower assembly. The delayed critical time con- 
stant for a burst of fast neutrons was deter- 
mined by extrapolation of a curve of prompt 
decay constant vs. the inverse multiplication of 
the assembly. Two series of measurements 
were made with the hafnium control rods. These 
rods were hafnium strips, 24 by 0.5 by 0.065 in. 
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for the first series and 24 by 0.5 by 0.0325 in. 
for the second series. The thinner rods were 
used to reduce slightly the rod worth and per- 
mit the use of more rods. The relative worths 
of individual rods in the same slot, individual 
rods in different slots, and combinations of rods 
are given. Included for comparison purposes are 
predicted worths assuming no rod interaction. 
The assumption that the prompt-neutron lifetime 
remains constant is implicit in the interpreta- 
tion of the changes of prompt decay constant in 
terms of reactivity changes. This assumption 
was validated by measuring the delayed critical 
decay constant with seven thick hafnium rods in 
the assembly; it was found to be unchanged 
within the 2% limit of uncertainty in the meas- 
urement of the time constant. 


Fast-Neutron Assemblies 


The inability to predict the critical masses 
of three fast dilute assemblies previously ex- 
amined in the ZPR-III prompted a series of 
critical studies”? to obtain data for use in evalu- 
ating the adequacy of the sodium and stainless- 
steel cross sections employed in multigroup 
calculations. The ZPR-II is a split-bed reactor 
with each half consisting of a matrix of square 
stainless-steel tubes. Drawers containing the 
appropriate materials for each region are in- 
serted into the square tubes. The first assembly 
(No. 32) was designed for a study of a simple 
combination of stainless steel and enriched ura- 
nium. The second assembly (No. 33) was simi- 
lar, except that part of the stainless steel in 
each drawer was replaced by sodium-filled 
Stainless-steel cans. Both assemblies were 
completely reflected by anatural-uranium blan- 
ket. Fission ratios of various fissile materials 
(u233 u234 y? u238 pu2s9, and Pu29 were 
measured at the core centers using fission 
chambers of parallel-plate construction. Aver- 
age prompt-neutron lifetimes were measured 
by the Rossi alpha method. The reactivity 
worths of common reactor materials were 
measured at the center of each core and, fora 
few selected materials, near the edge of each 
core. The latter data were taken for informa- 
tion on the transport properties of the materi- 
als. Radial fission rates of various fissile 
materials were measured with miniature cylin- 
drical fission chambers in each core. A series 
of bunching experiments was carried out ina 
wedge section of one-half of core 32. These ex- 
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periments provided data on the effect of fuel- 
plate thickness on reactivity. Distributed worths 
of stainless steel, sodium, and aluminum were 
determined by substitution of these materials 
over one octant of the core. A few preliminary 
measurements were made of the influence of 
the mass of sodium present on the reactivity 
worth of sodium and on its variation with radial 
position. The measurements on these and other 
ZPR assemblies have been summarized in 
Ref. 23. 

The ZPR-III facility has also been used to 
study a mockup of the second loading (core B)*4 
for the Enrico Fermi fast reactor. The core 
material for this reactor is UO,- stainless- 
steel cermet clad in stainless steel, and the 
reactor is cooled by sodium. The volumetric 
composition of the core is 11.5% fully enriched 
UO,, 51.8% stainless steel, and 33.2% sodium. 
The nominal fully loaded volume is 600 liters. 
The original mockup was too small for criti- 
cality, and alterations were necessary. The 
critical mass was found to be 505.4 kg of U2, 
corresponding to a core volume of 664.6 liters. 
The core volume was then reduced to approxi- 
mately the maximum allowable volume of 600 ` 
liters, and criticality was reached by the sub- 
stitution of a nickel reflector for the radial 
blanket in an annulus about 2 in. thick adjacent 
to the core. Measurements of reactivity effects 
of the most important differences between the 
mockup and the actual Fermi reactor were nec- 
essary in order to establish the critical mass 
for the actual reactor. Some of these effects are 
end gaps, UO, axial blankets, a central gap, a 
source that occupies a subassembly at the radial 
edge of the actual core, and safety-rod and 
control-rod channels. The distributed reactivity 
worths of various materials were measured 
also in order to correct for discrepancies be- 
tween the mockup and the core. A comparison 
of the reactivity effects of various radial re- 
flectors was made. These included nickel, nickel 
oxide, iron oxide, beryllium, and beryllium 
oxide. Measurements were made of relative re- 
action rates as functions of both radial and axial 
position, and fission ratios of the various fis- 
Sionable isotopes were measured at the center 
of the core. 

Various features related to the dynamic be- 
havior of the reactor were investigated. These 
included a measurement of the isothermal tem- 
perature coefficient, the reactivity effects of 
axial core expansion, and Rossi alpha measure- 
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ments at delayed critical. The reactivity effect 
of heterogeneity of the fuel was estimated by 
bunching the fuel plates in various arrange- 
ments; the final results give reactivity change 
as a function of effective fuel-plate thickness. 
This curve extrapolated to zero plate thickness 
gives the reactivity loss caused by homogenizing 
the fuel. 
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Power Reactor Technology 


Burnout Limits for Boiling- 
Water Reactors 


By John S. Wiley 


Heat-transfer burnout is one of the phenomena 
which determine the power capability of a water- 
cooled reactor. It is not the only one, nor is it 
necessarily the controlling one In oxide-fueled 
reactors the central temperature of the fuel 
elements often imposes a limitation thatis more 
restrictive than the burnout limitation. Never- 
theless, the burnout limitation is a highly im- 
portant one. Its relative importance is likely to 
increase as reactor designs become more highly 
developed and as methods for extracting higher 
specific powers from oxide fuel elements are 
proved. Furthermore, rightly or wrongly, the 
burnout ratio is given serious consideration in 
safety evaluations of power reactors, and for 
this reason the question of burnout sometimes 
proves to be a more restrictive design consid- 
eration than might otherwise be supposed. 


In recognition of the importance of burnout 
phenomena to the reactor designer, investiga- 
tions and analyses related to burnout have been 
given considerable attention in past issues of 
Power Reactor Technology. Since these investi- 
gations are usually described in papers written 
for the heat-transfer specialist rather than for 
the reactor designer, it has seemed worthwhile 
to examine the question briefly from the point 
of view of the designer’s interests. In this ar- 
ticle advantage is taken of the opportunity of- 
fered by the presentation of two new burnout 
correlations!” to present such a review. The 
discussion is limited to burnout under condi- 
tions of net boiling, because burnout tends to 
impose more severe restrictions on boiling 
reactors than on pressurized-water reactors, 
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and because limitation of the discussion to a 
single burnout regime simplifies the problem 
of relating the phenomenon to questions of re- 
actor design and analysis. In the course of the 
discussion, selected burnout data will be uti- 
lized to illustrate various points. Many of these 
data are taken from the extensive collection 
that has been assembled in Ref. 3. 


To cover the range of practical interest in 
burnout, one must consider a relatively large 
number of variables and rather large ranges of 
these variables. The major variables, in addi- 
tion to the heat flux, include the size, shape, 
and degree of interconnection of the coolant 
channels, the flow velocity of the coolant, its 
pressure, and the degree to which it is sub- 
cooled below the saturation temperature at the 
entrance to the coolant channel. Large ranges 
of variables have been covered by the many 
measurements of burnout which have been made, 
and the question naturally arises as to how to 
correlate all these experimental data. 


Because the process of burnout is not under- 
stood in detail, it has not been possible to ar- 
rive at correlations that are based on the fun- 
damental relations among the variables. In such 
a circumstance it is usually found that no Single 
correlation will meet the needs of all users of 
the experimental data, and this proves to be the 
case for burnout. One approach is to attempt to 
find purely empirical equations that will relate 
the important variables with acceptable accu- 
racy over the widest possible range. Such cor- 
relations are very useful and are widely used 
as methods of compressing the results of many 
experiments into a small volume. In arriving at 
such a correlation, the analyst must sometimes 
make compromises in the precision with which 
the correlation will cover the entire range of 
variables in order to arrive at an expression 
of reasonable length and complexity. When the 
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Fig. II-1 Diagram of representative burnout test. 
T = temperature, °F; H = enthalpy, Btu/lb; x = qual- 
ity, lb/lb; G = mass flow, lb/(hr)(sq ft); p = pressure, 
psia. 


fundamental relations among the variables are 
not known, arbitrary groupings and functional 
dependencies must be assumed. Once this is 
done the correlation can make no distinction 
between those deviations from its predictions 
resulting from true functional dependencies 
that have been neglected and those resulting 
from errors of measurement or perhaps from 
true fluctuations in the phenomenon under con- 
sideration. In this respect such a correlation 
falls short of the needs of the analyst who may 
desire to infer basic functional relations. Since 
it seeks to express the entire mass of accumu- 
lated data in terms of the fewest possible var- 
iables, the variables chosen for correlation are 
often not the independent variables of reactor 
design. In this respect the correlation may also 
fall short of the needs of the designer. It is not 
usually in a convenient form for illuminating 
the relations among the design variables. 

It is instructive to consider how burnout ex- 
periments are run and how the data might be 
handled in the simple case in which the experi- 
menter is provided with a heat-transfer appa- 
ratus of fixed dimensions. It will be assumed 
that the apparatus consists of a uniform round 
tube, electrically heated, as is usually the case 
in such experiments and as indicated in Fig. 
M-1. If it is assumed that the experimenter 
has chosen the pressure at which he is to op- 
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erate (and to simplify later discussion it is 
here assumed that the pressure specified is 
that at the tube exit), then he has available only 
three further variables: the electric power in- 
put to the tube, the coolant flow velocity, and 
the inlet temperature of the coolant. If he fixes 
the inlet temperature (at, say, some value be- 
low the saturation temperature at the ambient 
pressure), he may choose to run the experi- 
ment in one of two ways: either he may fix the 
coolant flow velocity and gradually increase the 
power input to the test section until burnout 
occurs, or he may adjust the coolant flow to 
some value, fix the power input, and then grad- 
ually change the coolant flow until burnout oc- 
curs. Presumably, similar results may be ob- 
tained by both methods. 
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Fig. HI-2 Plot of burnout data from Table 8 of Ref. 
3. dpo vs. G; pressure = 2000 psia. The “Table No.’’ 
and “Index No.” refer to the method of organizing the 
data as used in Ref. 3. 
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If a number of such experiments are run, 
over a range of coolant flows and power inputs, 
the experimenter will accumulate a group of 
data and will be faced with the question of how 
to present it. A straightforward scheme is to 
plot the two directly controlled variables, cool- 
ant flow and power input (or the more general 
specification of the power input, the heat flux), 
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Fig. III-3 Plot of burnout data from Table 8 of Ref. 
3. @po V8. Xe; pressure = 2000 psia. 


against one another. Figure HI-2 shows the re- 
sults of some experimental data of this kind 
(from Ref. 3), plotted in just such a way. There 
are four curves shown, each for a different 
value of inlet subcooling; as might be expected, 
the heat flux at which burnout occurs increases, 
for the tube of fixed length-to-diameter ratio, 
with inlet subcooling. 

The question immediately arises as to 
whether there is some more general way of 
plotting (correlating) the data which might 
bring together all the curves for the different 
degrees of subcooling. This possibility seems 
particularly reasonable since all the experi- 
mental sections are actually observed to burn 
out at or very near the exit end and since, if 
burnout is determined purely by the local con- 
ditions of the coolant and heat flux (i.e., burn- 
out is not affected by the past history of the 
coolant at points farther upstream in the tube), 
the condition of the coolant near the exit end of 
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the tube can thus be completely specified sim- 
ply by specifying its steam content. The ob- 
vious suggestion is to plot the burnout heat 
flux as a function of the steam quality at the 
tube exit, x,. This has been done for the data 
of Fig. HI-2 in Fig. HI-3, and it is observed 
that, although the four sets of data are indeed 
integrated, there is a disappointing spread in 
the data points at the higher values of exit 
quality. This scatter is rather characteristic of 
burnout data at high exit quality if they are 
plotted in this way. Figure II-4 shows another 
set of data taken from the same reference.’ 

In considering the behavior of the data in 
Figs. II-3 and III-4, it is important to bear in 
mind that the exit steam quality is not a meas- 
ured quantity but one that is computed from the 
measured values of mass flow and heat flux. 
The exit quality is computed from the heat bal- 
ance, as follows: 


4pL/D = G(H.,i,—Hin) (1) 
where* Q= uniform heat flux, Btu/(hr)(sq ft) 
L = total length of test section, ft 

D = diameter of test section, ft 
Hexit = enthalpy of mixture leaving test 
section, Btu/Ib 


H,, = enthalpy of mixture entering test 
section, Btu/lb 


If the definition of exit quality, x,, in terms of 
enthalpy is used, Eq. 1 can be written as 


p= GD/4L(x,H,, + Hy — Hin) (2) 


The symbols H,, and H; have their conventional 
meanings. Equation 2 has been plotted on Fig. 
II-5 for two of the points of Fig. HI-4 (runs 
205 and 206 of Table 10, Ref. 3) where it is 
called the operating line, again following the 
nomenclature suggested in Fig. 74 of Ref. 3. 
The significance of this designation is that, if 
the burnout experiment was run by the first 
method described above — by setting the mass 
flow and the inlet subcooling and gradually in- 
creasing the input power until burnout oc- 


* Equation 1 is valid over a range of @ from zero 


power to burnout. At burnout ¢ is termed ogo and the 
exit enthalpy is termed Hgo, following the nomencla- 
ture of Ref. 3. Thus the qualities plotted in Figs. Il-3 
and III-4 could be labeled x¢,,; the last subscript was 
dropped, however, for simplicity in nomenclature. 
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curred—the exit quality would increase with 
heat flux during this process in the manner 
specified by the operating line. 

As Eq. 2 shows, the slope of the operating 
line is proportional to the mass flow, and if, for 
example, there were in the experiment an un- 
certainty of +10% in the mass flow, there would 
be a corresponding uncertainty in the slope of 
the operating line. If there were also an uncer- 
tainty of +10% in the heat flux at which burnout 
occurred, either because of experimental im- 
precisions or because of real uncertainties in 
the burnout process, this uncertainty would 
combine with the uncertainty in mass flow to 
yield a net uncertainty of approximately +20% 
in the value of the exit quality at burnout. 
These illustrative uncertainty ranges have been 
indicated for the two burnout points plotted in 
Fig. WI-5. It is clear that the use of the derived 
exit quality as a plotted variable tends to em- 
phasize whatever uncertainties may exist in the 
measurements, simply because x, is given by 
the ratio of two measured quantities (the heat 
flux and the mass flow), and consequently its 
percentage range of uncertainty is approxi- 
mately the sum of the ranges for the two meas- 
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Fig. HI-4 Plot of burnout data from Table 10 of Ref. 


3. po VS. x,; pressure = 2000 psia. 
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Fig. HI-5 Plotof operating lines for runs 10-205 and 
10-206 of Ref. 3. po VS. xe; pressure = 2000 psia. 


ured quantities. One must be on the alert for 
such artificial changes in the apparent uncer- 
tainties of experimental determinations when 
considering the appropriateness and accuracy 
of correlation procedures. 

The plotting of burnout heat flux as a function 
of exit quality is an elementary correlation 
arrived at here through an intuitive judgmentas 
to the burnout process, and it is fundamentally 
useful insofar as it gives some evaluation of 
that judgment. Although it does bring together 
data in which the only variables are heat flux, 
mass flow, and subcooling, it would be sur- 
prising if this single parameter alone could 
correlate the effects of many other variables. 
The correlations given in Ref. 2, which are 
discussed in later paragraphs, are expressed 
primarily in terms of the exit quality variable. 
They give a good indication of the usefulness of 
this parameter as a basis for correlation. 

For the purposes of boiling reactor design, it 
is useful to treat the burnout data in a some- 
what different manner that amounts to taking 
the mass flow, G, inside the parentheses in 
Eq. 2 and using the product Gx,Hy, as the 
plotted variable 


p= D/4L(Gx,H,, + GH, =GHin) (3) 
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This method of handling the data was first pro- 
posed by Levedahl,‘ who gave the name steam- 
energy flow (SEF) to the quantity Gx,H,,. When 
the burnout heat flux is plotted as a function of 
SEF, the curve presents to the reactor designer 
the effect of the burnout limit on the two im- 
portant design quantities that specify the heat- 
removal characteristics for the boiling reactor 
core. The significance of the burnout value of 
the heat flux is well known; the significance of 
the steam-energy flow at the burnout point is 
that it tells the designer how much power can 
be removed, in the form of latent energy of 
steam, from the unit cross-sectional area of 
the coolant flow passage. 

The data from Figs. III-3 and III-4 (Tables 8 
and 10 of Ref. 3) have been replotted on steam- 
energy plots in Figs. HI-6 and III-7. It can be 
seen that the data no longer fall on single 
curves but are again, as in Fig. II-2, separated 
according to mass flow, and each curve con- 
sists of two lines of opposite slope arbitrarily 
called DNB-1 and DNB-2. The scatter of the 
data about the line appropriate to them is small. 
In this method of plotting, the effects of com- 
pounded uncertainties are not accentuated inthe 
region of low burnout heat flux, as is shown in 
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Fig. 111-6 SEF plot of Table 8 data of Ref. 3. dg, vs. 
SEF; pressure = 2000 psia; L = 12.5 in.; D = 0.187 in., 
L/D = 67; A-nickel. 
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Fig. IHI-8. The steam-energy flow plot can 
hardly be called a correlation, since it does 
not reduce the number of variables that must 
be taken into account, but it does have funda- 
mental usefulness in addition to its usefulness 
to the designer, for it brings some order into 
the data and it suggests the existence of two 
quite different processes that may determine 
burnout (DNB-1 and DNB-2). 

In setting the reactor power output, the de- 
Signer never intentionally approaches near the 
burnout limit but always leaves a large safety 
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Fig. HI-7 SEF plot of Table 10 data of Ref. 3. og- 
vs. SEF; pressure = 2000 psia. 


factor that is usually expressed as the burnout 
ratio. This is the ratio of the burnout heat flux 
to the actual heat flux at the worst point in the 
reactor. Since it is the limitation of some spe- 
cified burnout ratio that sets the permissible 
power output of the reactor, it is worthwhile tc 
examine just what the ratio means in terms of 
a safety factor. The steam-energy flow plot is 
useful for this examination and is employed 
schematically in Fig. HI-9. It shows a hypo- 
thetical DNB-1 line and an operating line, AG 
for the worst coolant channel of a hypothetical 
boiling reactor that has a uniform axial power- 
generation rate. It is assumed that the channel 
normally operates at point B, with a heat flux 
ġġ, and a steam-energy flow of SEF; atthe chan- 
nel exit. The burnout ratio is often defined as 
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Fig. HI-8 Operating lines for runs 10-205 and 10- 
206 of Ref. 3 on an SEF plot. Pressure = 2000 psia. 


the ratio ¢3: ¢;, but this ratio has little sig- 
nificance as a safety factor on reactor power, 
since heat flux and steam-energy flow must 
vary simultaneously, as specified by the oper- 
ating line as reactor power is varied. If the re- 
actor power were increased to burnout, the 
burnout in the coolant channel in question would 
occur at point C, corresponding to a heat flux 
dpo and a steam-energy flow SEF so. For nor- 
mal operation at Qi, the safety factor on reac- 
tor power is thus ópo/ i. These considerations 
have been pointed out in the past, notably by 
Ref. 3. In that paper the ratio ¢3: ¢; is called 
the heat-flux burnout ratio, whereas the ratio 
so : Qı is called the power burnout ratio. The 
ratio ¢3: ií has a physical significance only if 
it is postulated that the DNB-1 line is deter- 
mined entirely by local conditions at the point 
of burnout. In such a case the ratio ¢3: qd, in 
Fig. IN-9 is the factor by which the heat flux 
would have to be increased in a very short sec- 
tion of the coolant channel, near the exit, to 
cause burnout. 

As normally used, however, the burnout ratio 
is not so much a Safety factor on reactor power 
as it is an uncertainty factor on the burnout 
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prediction. Perhaps it is more precise to say 
that it is an uncertainty factor on the applicabil- 
ity, to the specific reactor situation in question, 
of the burnout data or burnout correlation used 
to predict the burnout limit. In this application 
it might be argued that the ratio ¢3: ¢; is as 
good a means of describing the uncertainty as 
the ratio dao : ¢;. Actually the use of any single 
number is probably a poor way of expressing a 
safety factor on burnout, if it is recognized that 
the burnout correlation (exemplified by the 
DNB-1 line in Fig. HI-9) may have an unex- 
pected shape and that there will be uncertain- 
ties in the operating line for the reactor as well 
as in the burnout correlation. It is perhaps jus- 
tified only because the burnout ratios actually 
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Fig. HI-9 Steam-energy flow plot showing hypothet- 
ical DNB-1 and operating lines. 


used in reactor design are large, and because 
other uncertainties, such as those arising from 
nonuniform heat generation and complex 
coolant-channel geometry, may affect the sig- 
nificance of the burnout ratio in a way that is 
poorly understood in any case. 

The questions raised by axial nonuniformi- 
ties in heat flux along the coolant channel are 
particularly significant because axial nonuni- 
formity is the normal situation in reactor ap- 
plications. This is the key question: Is burnout 


20 POWER REACTOR TECHNOLOGY 


DNB -1 Line 


A. 


Channel Exit 


Conditions 


Z at Power p" 
Channel Exit Conditions ot Power p! 





Fig. I1J-10 Steam-energy flow plot showing hypothet- 
ical DNB-1 line and operating lines corresponding to 
nonuniform axial power production. 


determined entirely by the local value of the 
heat flux and the local time-averaged values of 
temperature, pressure, mass flow, and quality 
for the coolant? If the answer is yes, the ef- 
fects of nonuniform heating should be reason- 
ably predictable from burnout experiments on 
uniformly heated test sections. Experiments 
have been made to investigate this question, 
but they have been inconclusive, at least in the 
net boiling range. It is well known that in some 
cases burnout is induced by flow instabilities, 
and in these cases it would not be anticipated 
that local conditions will determine burnout. 

If it is assumed that burnout is determined by 
only local factors in the DNB-1 range, the burn- 
out relations along a single coolant channel in a 
reactor with nonuniform axial power distribu- 
tion can be discussed in terms of Fig. III-10. 
In this figure the point values of ¢@ and SEF at 
two powers, P’ and P”, are schematically 
shown. Here there are an infinite number of 
burnout safety factors given by ratios such as 
AB: AB’ and AC: AC’. As power is increased 
(say from P’ to P”), one of the ratios becomes 
unity and burnout ensues. Thus whether burnout 
occurs at the channel exit or somewhere up- 
stream depends on the detailed shapes and rel- 
ative positions of curves such as A'B'C', 
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A” B“C, and the DNB-1 line. If fairly rapic 
power transients are considered, the probler 
is further complicated by the fact that the flov | 
rate may vary during the transient, and this 
affects the operating line position, as well as 
possibly the DNB-1 line. As shown in Fig. 
III-10, some nonuniformly heated test sections 
will still burn out at their exits. This is illus- 
trated in Fig. HI-10 by arbitrarily choosing 
curve A”B”C so that it intersects the DNB-! 
line at point C. A slight increase in the slope œ 
the DNB-1 line could produce upstream burnout. 
The preceding discussion is intended as az 
introduction to the examination of the burnout 
correlations presented in Refs. 1 and 2. Those 
presented in Ref. 1 also appear in a Westing- 
house topical report® that deals with an AEC- 
sponsored research and development program 
for a large pressurized-water reactor that is 
to be built by Westinghouse for Southern Cali- 
fornia Edison Company. A correction to the 
material presented in Ref. 1 is contained ina 
Letter to the Editor published in the July 1963 
issue of Nucleonics. The present discussion 
considers only the correlation for the quality 
region, which is given in Eq. 1 in Ref. 1: 


AHpns = 0.529(H, — Hin) 
+ (0.825 + 2.36e 280), e-1-56/108 


—0.41 Hye 9:04 8L/d¢ 
—1.12H, p. /p, + 0.548H,, (4) 


where 


A Hons “Hpne — Hi = 4Lpsa /D, X @$so /G (5) 
and 


D, = equivalent diameter, ft = 4(cross-sec- 
tional area) /heated perimeter) 
G = local mass velocity, lb/(hr)(sq ft) 
Hin = inlet enthalpy, Btu/Ib 
= saturated liquid enthalpy, Btu/lb 
Hyg = heat of evaporation, Btu/lb 
AHpns = (Hpne — Hin), Btu/lb 
L = length of heated channel, ft 
dpo = heat flux at DNB, Btu/(hr)(sq ft) 
P, = density of saturated liquid, lb/cu ft 
p, = density of saturated vapor, lb/cu ft 


Z 
I 


rhe parameter ranges of the correlated experi- 
mental data are given as follows:' 

Geometries: circular tube, rectangular chan- 
nel, and rod bundle 


Winter 1963-1964 


Axial heat-flux distribution: uniform and non- 
uniform 

Mass velocity = 0.2 x 10% to 4.0 x 108 1b/(hr) 
(sq ft) 

Pressure = 800 to 2750 psia 

L/D, = 21 to 656 

Inlet subcooling Hin > 400 Btu/lb 

Local heat flux = 0.1 x 10° to 1.8 x 10° Btu/ 
(hr)(sq ft) 

Exit quality = 0 to 0.90 wt.% 

Equivalent diameter = 0.1 to 0.54 in. 

Heated-to-wetted perimeter ratio = 0.88 to 
1.0 


The terms Hpxss and Lpng are presumably the 
enthalpy of the mixture at the point of departure 
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Fig. HI-11 Comparisonof WCAP correlation at 2000 
psia with data from Tables 6 and 8 of Ref. 3. 
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from nucleate boiling and the length of the 
heated channel from inlet to the point of de- 
parture from nucleate boiling. In Ref. 1 ġo is 
termed fng) for uniformly heated test sec- 
tions burning out at their exit Ling = L. 

Equation 4 can be stated in terms of the 
steam-energy flow if the geometry is fixed, so 
that the heat input can be specified in terms of 
the heat flux and the equivalent diameter, as 
required by the heat balance of Eq.2. The case 
of circular channels is considered, for which D, 
the equivalent diameter, is four times the heated 
perimeter divided by the cross-sectional flow 
area. Solving Eq. 2 for the quantity (H; —H,,) 
gives 


4daoL SEF ao 
GD G 





= H; -Hin (6) 


Substituting Eq. 6 into Eq. 4 yields 


4proL SEF o 


0.471 = —0.529 








+(0.825 + 2.36e7?%De) H e715 G/108 
~0.41H, ge" 0M8L/De 


~1.12H,,p,/p, + 0.548H , (7) 


Figure III-11 shows the Westinghouse Atomic 
Power Division (WCAP) correlation (in the form 
given by Eq. 7) as applied to conditions of 
Table 8, Ref. 3. The four data points of Table 8 
for G/10® = 2.0 fall in a line parallel to the ap- 
propriate correlation line, as do the three 
higher mass-flow data points. The ratio of the 
experimental burnout heat flux, soe, to the cal- 
culated heat flux, ópo.; however, cannot be ob- 
tained directly from the figure. This is true be- 
cause ¢ and SEF are related by means of the 
heat balance, and, if the correlation predicts 
o, it also predicts SEFgo. An example will 


Table IlI-1 COMPARISON OF CALCULATED AND EXPERIMENTAL DATA 


Run No. oe’ poc: SEFso; SEF,» 
(from Table 8 Mass flow, G, Btu/(hr)(sq ft) Btu/(hr)(eq ft) Špo, - Pao, Btu/(hr)(sq ft) Btu/(hr)(sq ft) SEFso,—SEFso, 
of Ref.3)  1b/Qr)(sq ft) x 10* x 10 "$ x 10°* Pro. x 107% x 1078 SEF a0, 
08-076 1.08 0.75 0.71 §.3 1.08 0.96 11.1 
08-077 2.11 0.99 0.86 13.0 0.82 0.48 41.5 
08-078 3.14 1.27 1.11 12.6 0.63 0.26 58.5 
08-079 4.12 1.48 1.41 4.7 0.36 0.22 38.9 


*Calculated from po = 0.339G + 1.600Ge7! 56/1% This is the equation shown on Fig. IO-11 after substitution of Eq. 6 for SEF 


and using H,, = 585.2 Btu/1lb. 
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Fig. HI-12 Steam-energy flow plot of data appearing 
in Tables 3, 5, and 8 of Ref. 3. Pressure = 1000 psia. 


serve to illustrate the point. Table III-1 lists 
the experimental and calculated values of po 
and the exit steam-energy flow values at the 
burnout heat flux, SEF, for runs 08-076, 
-077, -078, and -079. This table shows that the 
correlation does indeed predict the burnout 
heat flux within 20%, as stated.’ The correla- 
tion also predicts an exit quality at burnout and 
the resulting SEF value at burnout; the accuracy 
of this prediction is quite poor. If nonuniformly 
heated test sections do burn out as is suggested 
in Fig. HI-10, then the location of the DNB-1 
line is important. If a correlation overpredicts 
po, it also overpredicts SEFgo0, which has the 
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effect of moving the DNB-1 line both upward 
and to the right. The burnout safety factor 
given by the ratio AC: AC’ is thus also over- 
predicted, since the length of .AC is given by a 
correlation and the length AC’ is set by the 
designer. 

Also plotted on Fig. I-11 are runs 030 and 
033 from Table 6 of Ref. 3. This was done to 
show that there is still some unaccounted-for 
variable that prevents the Table 6 results from 
agreeing with the Table 8 results. That they 
should agree is suggested by the fact that the 
two test sections used to take the data of Tables 
6 and 8 were almost identical in dimensions. 
This subject has been discussed in Ref. 6. 

Figure III-12 contains 1000-psia burnout data 
contained in Tables 3, 5, and 8 of Ref. 3. Al- 
though the data all appear in a Westinghouse 
publication, they were actually taken at three 
different laboratories. It can be noted that at 
this pressure the steam-energy flow plot hap- 
pens to bring the data for a wide range of mass 
flows very nearly together into a single curve. 


WCAP | —< Table 3 Conditions 
Correlation < = = Table 5 Conditions 
ecemeclable 8 Conditions 


G/lo°= 40 


P so 7106, Btu/(hr)Xsqft) 





O l| 2 3 4 5 6 7 8 9 
SEF/108 Btu/(hr)(sqft) 


Fig. HI-13 Comparison of WCAP correlation with 
data appearing in Tables 3, 5, and 8 of Ref. 3. Pres- 
sure = 1000 psia. 
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Table III-2 WCAP CORRELATION EQUATIONS PLOTTED ON FIG. III-13 


(Pressure = 1000 psia) 








Ref. 3 table No. Test-section parameters 
wherein data appear Length, in. Diameter, in. Burnout correlation equation 
3 9.0 0.1805 dao = 1.17G + 6.464Ge*5C4% _ 9. 0056SEF 
5 11.625 0.180 dao = 1.029G + 4.994Ge7!5618 _ 9 00435SEF 
8 12.5 0.187 dro = 1.01G + 4.763Ge 1:5GAA6 _ 0:0042SEF 





ee Ref. 3 Data 

= Tables 3,5 and8 
>= 7018 ,L=12 
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Fig. HI-14 Steam-energy flow plot of burnout data 
from Refs. 7 and 3. Pressure = 1000 psia. 


Whatever fundamental significance this may 
have is not readily apparent, but the practical 
significance —and possible importance —to the 
designer operating in this pressure range is 
obvious. Table 5 contains a few DNB-2 data, 
and these appear on the figure, although they 
will not be discussed. Figure III-13 compares 
the WCAP correlation with the data shown in 
Fig. HI-12. The particular equations plotted 
are shown in Table HI-2. It appears that the 
correlation does not recognize the insensitivity 
to mass flow in this pressure range. 

An effect of the test-section diameter on Qo 
is shown in Fig. I-14, which plots data from 
Ref. 7. The data for D = 0.3 in. are replotted 
in Fig. HI-15 along with some additional data 
from Table 10 of Ref. 3.* Again the data on 
Fig. I-15 point to a lack of effect of G on gy 


*The lines through the data, which were placed by 
eye, differ between Fig. III-14 and Fig. III-15, be- 
cause of the modifying effect of the Ref. 3 data. How- 
ever, the line shown in Fig. III-15 lies within +10% of 
all points but three. 


on an SEF plot, although the Westinghouse 
(WCAP) correlation exhibits a rather strong 
effect.f 

It can be noted that the coefficient of the SEF 
term in the WCAP correlation is pressure- 
independent, as can be seen from Eq. 7. This is 
substantiated in Fig. HI-16, where data of Table 
3 from Ref. 3 are plotted for three pressures. 
The lines are parallel, as they should be for a 
constant coefficient of the SEF term in Eq. 7. 

The analyses contained in the report? by the 
Atomic Power Equipment Department (APED) 
of General Electric Company are intended to 
define lower limits of the burnout flux in prac- 
tical situations. The analyses are based pri- 
marily on data taken at APED and appearing in 
Ref. 8. The approach can probably best be ex- 
plained by the following quotation,? which ex- 
plains that the set of burnout limit curves was 
constructed by:1 


1. Defining limit curves based upon extensive 
critical heat flux data obtained at General Electric 
Company in an internally heated annulus. The in- 
ternally heated annulus geometry was selected be- 
cause it simulates one of the three possible fuel 
cell geometries shown in [Fig. II-17]. It is not 
only representative of corner rod conditions, but it 
also has the highest ratio of unheated toheated sur- 
face area. As such, it gives the lowest critical heat 
flux value of the three possible fuel cells since the 
‘‘burnout’’ point has been found to decrease with 
increased unheated surface area.[8] 

2. Modifying the above limit curves to account 
for lower trends or special effects reported in 
some instances by other experimenters. This en- 
sures that differences in test loops and experimen- 
tal techniques or conditions are included in the 
recommended curves. 


tThe data in Ref. 7 have been greatly expanded by 
the appearance of Ref. 10. These latter data extend D 
to about 1.5 in., L to about 76 in., and G/10° to about 
14 lb/(hr)(sq ft). 

tFigure numbers and reference notations have been 
changed to conform to the numbering used here. 
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Fig. WI-15 Comparison of WCAP correlation with 
data appearing in Refs. 3 and 7. Pressure = 1000 psia. 
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Fig. HI-16 SEF plot comparing data at 500, 1000, Fig. HI-18 APED internally heated annulus data at 


and 1500 psia (from Table 3 of Ref. 3.) high flows.” Pressure = 1000 psia. 
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3. Considering data obtained in multirod geome- 
tries or annular geometries modified to account 
for flow redistribution, presence of spacers and 
rough surface conditions. This step verifies that 
the limit curves developed for a normal annular 
geometry can be applied to reactor type multirod 
systems. 

4. Comparing the recommended curves to other 
available data. This final check gives an overall 
perspective of how the proposed limit curves fair 
with respect to other test results. 


Figure IH-18 is typical of the plots of the 
APED data appearing in Ref. 2 and covers the 
high mass-flow range around 1.7 x 105 1b/(hr) 
(sq ft). Other plots are given which in total 
cover the mass-flow range from about 0.2 to 
6x 105 1b/(hr)(sq ft). The quality range was 
arbitrarily divided into three regions, and the 
burnout limit was described by three connected 
straight-line segments (see Fig. IH-18). The 
whole range of qualities was not adequately 
covered by APED data for every value of mass 
flow. Accordingly, British and Italian data were 
used to establish the burnout limit curve in the 
high-quality region, and Ref. 3 data were used 
to establish the curve in the low-quality and 
subcooled regions. The complete set of burnout 
limit curves is shown in Fig. III-19. The refer- 
ence also presents recipes for conversion of 
the curves to other pressures and to other hy- 
draulic diameters. The pressure-adjustment 
recipe is as follows: 


Pao, 7 Pom f 440 (1000 — p) (8) 


where go, is the burnout heat flux at pressure 
p, Btu/(hr)(sq ft), po, iS the burnout heat 
flux at p = 1000 psia, Btu/(hr)(sq ft), and p is 
the pressure, psia. 

In conclusion, an attempt will be made to 
compare the WCAP and APED burnout corre- 
lations and recommendations. This is done in 
Fig. IN-20; the APED limit lines shown thereon 
are merely a replot of the appropriate curves 
in Fig. HI-19 for the middle quality range. The 
WCAP correlation is for a pressure of 1000 
psia, an L/D of 100 and a D of 0.400 in. This 
comparison is believed to be a valid one, since 
the authors of both correlations state that their 
respective correlations are valid for rod bun- 
dles. 

It is evident that the two correlations shown 
in Fig. I-20 are not in agreement. One reason 
for this is that, although the APED curves were 
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Fig. HI-19 Modified burnout limit curve.2 
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Fig. HI-20 Comparison of WCAP correlation with 
APED burnout limit curves. 


chosen on the low side of the data, the WCAP 
curves were chosen as best-fit curves. This 
does not explain the entire difference, however, 
since the WCAP correlation was stated to be 
within +25% of the data. It is believed that the 
major difference between the WCAP and APED 
correlations can be explained by geometry. 
The former correlation was based primarily 
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on circular-tube and rectangular-channel data, 
whereas the latter correlation considered pri- 
marily data taken with internally heated annular- 
geometry test sections. Collier’! states: “Burn- 
out heat flux values for tubes and externally 
heated annuli are always higher than those for 
internally heated annuli... .” 


If geometry is the primary reason for the 
differences shown between the twocorrelations, 
then it seems incorrect to state that both cor- 
relations will adequately predict the burnout 
heat flux of a bundle of heated rods such as is 
found in a power reactor. Further considera- 
tions of burnout in multirod clusters will ap- 
pear in future issues of Power Reactor Tech- 
nology. 
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lV Fuel Elements 


Power Reactor Technology 


Programs at GE-APED 
Sponsored by USAEC 
and Euratom 


Three government-sponsored research and de- 
velopment programs that include substantial 
efforts on oxide fuel elements are under way at 
the General Electric Atomic Power Equipment 
Department (APED). Two of these, the Fuel- 
Cycle Program and the High Power Density De- 
velopment Project, are sponsored by the U. S. 
Atomic Energy Commission (AEC); the third, 
the High-Performance UO, Program, is spon- 
sored jointly by AEC and Euratom. A large 
amount of literature has been produced under 
these programs in the form of quarterly and 
topical reports. It is the purpose of this review 
to summarize the work to date in the area of 
fuel-element development and to describe the 
objectives, the experimental approaches, and 
the existing complement of experimental sam- 
ples in sufficient detail to form the background 
for more concise reviews of progress that may 
appear from time to time in future issues. 
Fuel-Cycle Program ! ° 

This program was initiated early in 1959. 
The purpose of the program is to improve the 
technological limits of boiling-water reactors 
in several areas listed below’ (of these, only 
Task A-1 is reviewed here): 


Task A 


1. Extend fuel life information on oxide fuel at 
high specific power operation and raise the per- 
formance limits of oxide fuels. 

2. Study power stability and performance char- 
acteristics of an oxide fueled core under natural 
and forced circulation to improve design limits. 


Task B 


1. Out-of-pile experiments in heat transfer and 
fluid dynamics in the areas of burnout heat trans- 
fer, hydraulic instability, steam void observational 
studies, and two-phase pressure drop to support 
in-core work. 


Task C 


1. Study long-term reactivity characteristics of 
fuels having lattice characteristics of large power 
reactors. 

2. Measure initial conversion ratio of a number 
of lattice configurations characteristic of large 
oxide fueled power reactors. 


Task A-1 involves the fabrication of fuel as- 
semblies and evaluation of results of irradiation 
in the Vallecitos Boiling-Water Reactor (VBWR). 
A total of 60 assemblies have been irradiated, 
although all 60 assemblies are not necessarily 
in the VBWR at the same time. These 60 as- 
semblies are divided into 50 so-called “basic” 
assemblies and 10 “special” fuel assemblies. 
The design and fabrication of the basic fuel as- 
semblies are detailed in Ref. 12; two different 
types were fabricated, one being a control- 
follower assembly and the other a stationary 
assembly. The follower assemblies, designated 
as type H, employ annealed type 304 stainless- 
steel cladding, whereas the stationary as- 
semblies were fabricated from Zircaloy-2, 
Zircaloy-4, and cold-worked type 304 stainless- 
steel cladding. All cladding was designed to be 
freestanding. Additional details on the assem- 
blies are given in Table IV-1. Figures IV-1 to 
IV-3 illustrate constructional details of the as- 
semblies and their appearance in the VBWR. 

The elements were fabricated in 1960 and 
1961, and 25 stainless-steel-clad assemblies 
were loaded into the VBWR in September 1960. 
An instrumented stainless-steel assembly was 
loaded into the VBWR in October 1961, instru- 
mented to provide data on in-core neutron flux, 
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Table IV-1 CHARACTERISTICS OF THE BASIC FUEL ASSEMBLIES 
IN THE FUEL-CYCLE PROGRAM" 


Type of assemblies H I J 
Number of assemblies 10 16 24 
Rods per assembly* 16 16 16 
Removable rods per assembly 0 12 12 
Rod center-to-center distance, in. 0.76 0.76 0.76 
Cladding material 304 S.S. 304 S.S. Zircaloy-2f 
Nominal cladding thickness, in. 0.020 0.015 0.022 
Nominal tube outside diameter, in. 0.420 0.410 0.424 
Nominal tube inside diameter, in. 0.380 0.380 0.380 
Maximum pellet diameter, in. 0.376 0.376 0.376 
Average pellet density, 

% of theoretical density 95 95 95 
UO, enrichment, % 2.7 3.2 t 
Water-to-fuel ratio 2.98 4.0 3.9 
Active fuel length, in. 30 37 37 
Total rod length, in. 325 39!⁄ 40!Á 
Plenum length, in. 1% 1% 1% 
Wall thickness of plenum 

support tube, in. 0.020 0.020 0.020 
Coolant-flow area, sq in. 5.25 7.13 6.98 
Heat-transfer area, sq ft 4.37 5.28 5.47 


*One I and two J assemblies are instrumented and contain only 14 fue] rods. 
TOne assembly contains three fuel rods clad with Zircaloy-4. 
tEnrichments of the J assemblies are as follows: 


No. of % 
assemblies enrichment ` 
10 2.76 

1 2.76 and 2.98 (8 rods each) 
3 2.98 
1 2.98 and 3.49 (8 rods each) 
3 3.2 
5 3.49 
1 4.3 
1 2.76 + PuO, segments 


coolant temperature, pressure drop, and flow 
rates. The Zircaloy-clad assemblies, including 
two instrumented ones, were placed in the 
VBWR between June 1961 and January 1962. As 
of March 1963, the basic fuel assemblies had 
reached the burnups shown in Table IV-2; this 
table also illustrates the peak specific power 
and peak heat flux for the particular assembly 
operated at the highest power within its group. 
Table IV-3 compares the thermal performance 
of these basic fuel assemblies with the Dresden 
and Big Rock Point reactors. 


In May of 1962, during a VBWR outage, four 
fuel-rod changes were made involving one type I 
assembly and three type J assemblies. Hot- 
cell examination revealed that fretting corro- 
Sion had occurred on the Zircaloy cladding. 
Studies of four additional assemblies showed 
that fretting corrosion had occurred on some 
rods in each of the Zircaloy-clad assemblies 


(12J, 25J, and 7L, a special assembly), but not 
on the stainless-steel-clad assembly (8I). The 
observations are summarized in Ref. 8: 


The following observations were made ...: (l) 
lack of rod support at the upper tie plate caused 
general fretting corrosion at the middle spacer in 
the 7L assembly; (2) rods with large clearances a! 
the upper tie plate showed the most penetration, 
(3) rods with tight support at the upper tie plat 
suffered comparatively light fretting corrosion ever 
with large clearances at the middle spacer; (4) the 
corner rods which are rigidly supported at both top 
and bottom underwent no fretting corrosion. 

It appears that wire deformation as a result o! 
fuel handling increases the clearance between tht 
fuel rods and supporting spacer and upper tie plat 
wires .... The clearance subsequently allows th 
rods to vibrate freely as reeds and fret against the 
stainless steel wires. It is expected that the fretting 
corrosion can be reduced or eliminated by spring 
clips at the upper tie plate which will provide im- 
proved rod support. The spring clips can be in- 
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stalled on the assemblies in the VBWR storage pool 
without disassembly oí the fue1 bundle. Fabrication 
of trial clips is in progress. 


The method of retaining the rods in the assem- 
bly is shown in Fig. IV-1. A new, undamaged 
fuel rod was placed into assembly 12J, and 
spring clips were fabricated to bear against the 
rod and damp vibration. This assembly was in- 
serted in the VBWR and operated for about a 
month until the reactor was shut down because 
of a leak in the recirculation piping. Subsequent 
examination revealed no fretting damage to the 
clipped fuel rod, and spring clips were installed 
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on all but two of the Zircaloy-clad type J as- 
semblies. 

No significant cladding deterioration other 
than fretting was exhibited by the Zircaloy-2- 
and Zircaloy-4-clad fuel rods. The stainless- 
steel-clad fuel rods also were sound. An in- 
tentionally defected Zircaloy-2-clad rod, an 
intentionally defected Zircaloy-4-clad rod, and 
a sound Zircaloy-2-clad rod were sectioned 
and examined remotely. The defect was a 20- 
mil hole in the cladding near the peak heat flux 
region. The results are summarized as follows 
in Ref. 9: 
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Fig. IV-2 Exploded view of fuel rod.!? 


a. In non-defect areas, the Zircaloy-4 corroded 
at a slightly faster rate than the Zircaloy-2 when 
tested under identical conditions in a boiling water 
reactor. 

b. Thereis little difference in the corrosion rate 
on the inside surface of the clad in the Zr-2 and 
Zr-4 defected rods. However, the corrosion rate 
of both materials on the inside surface of a defected 
rod is more than twice that on the outside surface. 

c. The higher corrosion rate on the inside sur- 
face of the defect rods seems consistent with rates 
expected at inside clad temperatures estimated 
from heat transfer calculations. Continued opera- 
tion of intentionally defected Zr rods to evaluate 
performance at longer exposures may provide in- 
formation on the effect of other potential factors, 
such as a reduction in the corrosion resistance of 


the clad resulting from the impregnation of the clad 
with fission fragments. 


Also included in the VBWR irradiations under 
the Fuel-Cycle Program are 10 special fuel 
assemblies, whose status as of March 1963 is 
summarized in Table IV-4. Assembly 1L was 
designed to study the lifetime performance of a 
UO, fuel element operated near the melting point 
of UO, at the center line. The maximum heat 
flux of 1L was 530,000 Btu/(hr)(sq ft) during ir- 
radiation, and the assembly contained one pur- 
posely defected rod; the cladding of all rods in 
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Fig. IV-3 Cutaway view of fuel assembly in VBWR 
channel.!? 
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Table IV-2 STATUS OF THE BASIC FUEL ASSEMBLIES IN THE FUEL-CYCLE PROGRAM"! 


Burnup, Mwd/ton* 


2 eae 22 eee Peak 
Assembly Average Average specific Peak 
designation of for lead power,t heat flux, 
and cladding Number group assemblyf kw/kg Btu/(hr) (sq ft) 
H, annealed S.S. 
(control-rod follower) 10 5,191 6,231 34.4 367 ,000 
I, cold-worked S.S. 16 4,564 5 ,803 36.6 405 ,000 
J, Zircaloy 24 3,849 6,176 37.5 382,000 


* Burnup that existed at the end of run 155 which was completed on Mar. 24, 1963. 
ft Peak exposure is about 1.65 times this value. 
{These values were attained in the quarter starting January 1963. 


Table IV-3 COMPARISON OF THE BASIC FUEL ASSEMBLIES WITH FUEL 
CONDITIONS IN OTHER REACTORS” 


Average overall fuel Peak location 
Specific Power Heat flux, Specific Power Heat flux, 
power, density, Btu/(hr)(sq ft) power, density, Btu/(hr)(sq ft) 
kw/kg  kw/liter x 1073 kw/kg  kw/liter x 1073 
Fuel-cycle program 
(run 153) 
H, S.S.-clad control- 
rod followers 38.5 53.4 238 78.5 163 377 
I, S.S. cladding 30.0 51.4 184 65.0 112 420 
J, Zircaloy cladding 31.2 53.1 204 73.7 126 448 
Dresden, first core 12.4 31.2 99 35.6 90 285 
Big Rock Point, 
50 Mw (e), first core 16.5 45.0 110 52.6 144 352 
Table IV-4 STATUS OF SPECIAL FUEL ASSEMBLIES"! 
Heat flux, * 
T Btu/(hr)(sq ft) x 107° Accumulatedt 
power, gare 25 U ee exposure, 
Assembly Concept kw /kg Average Peak Mwd/ton 
1L Centermelt 1 t t 4075 
4L Low-temperature 
sintered pellets t t t 234 
5L Coextruded UO, and 
S.S. cladding 33.9 223 364 4592 
6L Zircaloy-4 cladding 16.8 145 287 1075 
7L S.S.-lined Zircaloy-2 35.6 224 383 4303 
8L 0.005-in. S.S.-clad 
pellets 1 t 1 2553 
9L Thermal-conductivity 
improver 30.9 233 385 907 
10L 0.005-in. S.S. cladding 
over powder 19,2 116 211 396 
11L Extruded UO; t t t 180 
12L Burnable poison 15.4 110 191 307 
2L Undefined § 
3L Undefined$ 


*Peak condition during VBWR run 155. 

tExposures are through VBWR run 155, which was completed on Mar, 24, 1963. 
tNot irradiated during VBWR run 155. 

§Held in reserve for future use. 
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the assembly was stainless steel with an outside 
diameter of 0.515 in. Destructive examination 
of one of the rods revealed that center melting 
of the UO, did not occur, and large columnar 
grains were observed in the region from the 
center of the pellet to a distance of about one- 
half the radius. A narrow band of fine grains 
occurred at midradius and separated the as- 
Sintered structure from the grain-growth re- 
gion. This was interpreted to mean that recrys- 
tallization of the UO, occurs prior to grain 
growth. 

Assembly 4L has had a varied history. It 
originally contained three rods made by hot- 
gas isostatic pressing of UO, in stainless-steel 
cladding, a specially designed rod known as the 
“centermelt” calibration test rod and other rods 
of conventional fabrication. 

The gas-pressure-bonding technique was de- 
veloped in a 2'/4-year study done at Battelle 
Memorial Institute and is described in Refs. 
13 to 15. Briefly, the process consisted of fab- 
ricating UO, pellets by cold-pressing the oxide 
powder and a binder at 50 tsi. The pellets were 
loaded into type 304L stainless-steel tubing, and 
end caps were added; the assembly was then 
heated and cooled, evacuated to 5 u, and sealed. 
The rod was then subjected to 10,000 psi for 
3 hr at 2100°F, swaged from 0.404 to 0.400 in. 
in outside diameter, and pressure bonded for 2 
hr at 10,000 psi and 2100°F. This produced an 
average UO, density of 96.3% of theoretical. 
The rods produced in this manner were irradi- 
ated to an exposure of 693 Mwd/ton with a peak 
heat flux at 370,000 Btu/(hr)(sq ft). After irra- 
diation the 4L assembly was damaged, and it 
was stored in the VBWR pool for about five 
months. In the process of handling the isostati- 
cally pressed rods, all three of them broke into 
a total of about 15 pieces. The evaluation of the 
failed isostatically pressed fuel rods is reported 
on in Ref. 16, and the conclusion is that inade- 
quate removal of the binder from the UO, re- 
sulted in a very high carbon content ofthe clad- 
ding. In the resulting sigma phase, carbides and 
ferrite formation at the grain boundaries led to 
intergranular corrosion and cracking. 

The centermelt calibration rod irradiated in 
assembly 4L was an oxide rod which was 1° in. 
in outside diameter and which contained 1.235- 
in.-diameter pellets; the peak heat flux was 
935,000 Btu/(hr)(sq ft). The rod was examined 
remotely after irradiation. The oxide fuel had 
been molten, and it was established that fuel 


Vol. 7, No. | 


ran from the upper part of the rod to the lower 
part. Plastic deformation of the cladding was 
evident, and it is suggested’ that this was cause 
by the relatively greater expansion of the hot 
UO, compared to the cladding. It was also con- 
cluded that “...A sintered uranium dioxide 
body may initially operate with a molten central 
portion which subsequently totally or partially 
solidifies during operation because of the in- 
creased thermal conductivity due to the growth 
of columnar grains.”’ This mechanism was dis- 
cussed in Power Reactor Technology, 6(2): 
36-37. 

After the failure of the isostatically pressed 
fuel rods, the 4L assembly was rebuilt with 
three rods containing low-temperature sintered 
pellets produced by United Nuclear Corporation, 
three rods (including one intentionally defected: 
of UO, coextruded with the stainless-steel clad- 
ding, one intentionally defected rod containing 
UO, pellets clad with stainless-steel-lined 
Zircaloy-2, and nine standard rods. As indi- 
cated in Table IV-4, the assembly had received 
relatively modest burnups up to March 1963. 
The low-temperature sintered pellets involve 
sintering at 1100 to 1300°C, rather than the 
more customary 1600 to 1700°C. The desigr 
and fabrication of the fuel rods containing low- 
temperature sintered pellets are covered in 
Ref. 17. 

Assembly 5L contains 12 rods fabricated by 
high-temperature coextrusion. The irradiation 
cycle for this assembly started in August 1961, 
whereas irradiation of the three coextruded rods 
in assembly 4L started in July 1962. The de- 
sign and fabrication of the coextruded rods are 
covered in Refs. 18 and 19. The process con- 
sists in coextruding UO, and type 304 stainless- 
steel cladding. As of March 1963 assembly 5L 
had reached a modest burnup and apparently 
was operating satisfactorily. 

Assembly 6L consists of rods containing UO, 
pellets clad with Zircaloy-4. An intentionally 
defected rod was included in assembly 6L but 
has been replaced with a sound rod. Assembly 
7L contains fuel rods clad with Zircaloy-2 co- 
extruded with approximately a 1-mil stainless- 
steel lining. This lining is present to prevent 
corrosion of the Zircaloy-2 by steam that would 
be formed if any water should leak into the ele- 
ment. Both assemblies are reported to be in 
satisfactory condition, although fretting corro- 
sion was noticed on assembly 7L, and the rods 
had to be transferred to another fuel-rod bundle 
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frame owing to damage to the upper tie plate. 
Spring clips were then added to reduce the pos- 
sibility of fretting. 

Assemblies 8L and 10L test the concept of 
thin, collapsed cladding. The former assembly 
contains 0.370-in.-OD UO, pellets, whereas the 
latter assembly contains UO, powder compacted 
by vibratory techniques. Assembly 8L was in- 
serted in the VBWR in November 1961; since 
the thin cladding prohibits high internal gas 
pressures, a plenum length of 7.0 in. is pro- 
vided. To prevent collapse of the gas plenum, it 
was necessary to provide support to the clad- 
ding in the plenum area, and this was done by 
uSing an external plenum support with a wall 
thickness of 0.017 in. on six of the rods and by 
uSing an internal plenum support with a wall 
thickness of 0.016 in. on the remaining six rods. 
The four corner rods of assembly 8L are con- 
structed of noncollapsed 20-mil cladding and 
are arranged as shown in part b of Fig. IV-1. 
One collapsed-cladding rod was intentionally 
defected with a 10-mil hole in the plenum area. 
The type 304 stainless-steel cladding was cold 
worked, with a room-temperature yield strength 
of about 110,000 psi (nonirradiated). The de- 
fected rod was installed in the assembly in 
February 1962, and the activity release from 
the defected rod was stated to be’ less than 5 
uc/sec. In August 1962 the assembly was trans- 
ferred to a hot cell for visual examination. Ref- 
erence 9 states: 


(1) At least two fuel rods were cracked, one in 
the area of maximum heat flux, the other in a wrin- 
kled plenum area. 

(2) Three rods were wrinkled in the plenum area. 
The wrinkling occurred in rods containing internal 
plenum supports. 


Four of the damaged or failed fuel rods were 
destructively examined, and the details are given 
in Ref. 11. The following comments pertain to 
the fuel rod exhibiting a crack in the peak heat 
flux region:"! 


The cause of cracking of this rod is apparently 
strain cycling fatigue. The differential thermal ex- 
pansion of the UO, and clad during operation of 
the fuel rod at the peak heat flux condition, about 
500,000 Btu/hr-ft?, would have caused a calculated 
plastic diametral deformation in the clad of 0.002 
inch. When power is reduced after plastic strain 
of the clad, the contraction of the UO, leaves an 
equivalent gap between the clad and UO,. If the gap 
is as large as these calculations indicate, there is 
high probability that collapse under the 1000-psig 
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coolant pressure would have caused a wrinkle. Re- 
peating cycling of this wrinkle after formation prob- 
ably led to fatigue cracking. Metallurgical examina- 
tion of the clad crack supports this conclusion... . 
The clad in the failure region appears to be slightly 
harder than the clad inthe non-failure region. This 
increase in hardness may be caused by work hard- 
ening during the cycling. 


The four rods destructively examined were re- 
placed with four rods that had 5-mil annealed 
collapsed cladding. 

Assembly 10L was placed in-pile in February 
1963. The assembly contains rods utilizing both 
cold-worked and annealed tubing and arc-fused 
and Dynapak UO, powders. The latter process, 
developed at Hanford Atomic Products Opera- 
tion (HAPO), involves the densification of the 
powder by drop forging. Six fuel rods are filled 
with the Dynapak powder with as-packed densi- 
ties of about 84%. Ten rods are filled with arc- 
fused powder with as-packed densities of 84.3 
to 84.9%. Additional data on assembly 10L are 
given in Table IV-5. 


Table IV-5 ASSEMBLY 10L DESIGN’ WITH 
THIN STAINLESS-STEEL CLADDING OVER UO, POWDER 





UO, enrichment 6% u235 
Cladding material Type 304 S.S. 
Cladding thickness, in. 0.005 
Number of rods 16 

Rod outside diameter, in. 0.385 


Rod spacing, in. 0.76, center to center 


Irradiation of assembly 9L began in August 
1962. The purpose of the irradiation is to evalu- 
ate an attempt to improve the thermal conduc- 
tivity of UO, by the dispersion of molybdenum 
through -the oxide. Two methods of dispersion 
were used to prepare a total of six rods for in- 
corporation in the 9L assembly. One approach 
was to mix molybdenum fibers with the oxide 
powder before the pressing of the pellets; inthe 
second approach the individual oxide particles 
were coated with molybdenum metal prior to 
pressing. Three rods were fabricated using the 
fiber process, and three others were fabricated 
using the coating process. The remaining rods 
in the assembly are of conventional construc- 
tion. Whether the molybdenum will improve the 
thermal conductivity of the fuel is yet to be de- 
termined. Table IV-6 gives design data on as- 
sembly 9L. 

Assembly 11L consists of fuel rods filled with 
UO, extrusions. The extrusions were supplied 
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Table IV-6 ASSEMBLY 9L DESIGN’ THAT MAY IMPROVE 
THERMAL CONDUCTIVITY 


Cladding material 

Cladding thickness, in. 

Fuel-rod outside diameter, in. 
Fuel-pellet outside diameter, in. 
Number of rods 

Two rods contain 6.4% enriched UO, 
pellets (controls) 

Three rods contain 24 in. of 8.0% 
enriched UO, pellets containing 20 
vol.% molybdenum fibers and 12 
in. of 6.4%, enriched UO, pellets 

Three rods contain 24 in. of 8.0% 
enriched molybdenum-coated UO, 
pellets and 12 in. of 6.4% enriched 


UO, pellets 
Rod spacing, in. 
UO, density 


by Allis-Chalmers Mfg. Co. and Compagnie In- 
dustrielle des Combustibles Atomiques Frittés 
(CICAF) of France. The extrusions were to be 
about 6 in. long, although the extrusions pre- 
pared by CICAF ranged in length from 0.3 to 
6.06 in. One each of the rods containing the two 
extrusion types was purposely defected by means 
of a 13-mil hole through the cladding in the 
plenum region. The assembly has been irradi- 
ated for only a short burnup, and little informa- 
tion is available as to the usefulness of the fab- 
rication technique in producing acceptable fuel 
material. Data on the 11L design are given in 
Table IV-7. 

Assembly 12L, the last special assembly, was 
inserted in the VBWR in February 1963. The 
basic purpose of the element is to study the be- 


Table IV-7 ASSEMBLY 11L DESIGN WITH 
EXTRUDED UO, 


UO, enrichment, % 5.5 

Cladding material Type 304 S.S. 
Cladding thickness, in. 0.022 

Rod outside diameter, in. 0.539 


Number of rods 16 
Six rods are filled with 
extrusions from CICAF 
Six rods are filled with 
extrusions from Allis- 
Chalmers 
Four rods are filled with 
pellets 
Fuel outside diameter, in. 
Fuel density, % 


0.485 + 0.002 
97% of theoretical density 


Type 304 S.S. 
0.020 

0.515 

0.471 

8 


1.03, center to center 

95% of theoretical density for 
UO, pellets 

95% of theoretical density for 
UO,- Mo pellets 


havior of boron burnable poison when the boron 
is alloyed into the stainless-steel cladding and 
when the boron is intimately mixed with the fuel. 
Table IV-8 illustrates the fabrication details of 
each rod in assembly 12L. It is evident from 
Table IV-8 that the assembly also is intended 
to give information on the relative merits of 
annealed and cold-worked cladding material. 
The assembly had received only modest burnup 
by March 1963. 


High-Power-Density (HPD) 
Development Project 203445 

The HPD research and development program 
was begun in February of 1960 andisa program 
in support of the Consumers Power Company 
boiling-water reactor plant at Big Rock Point, 
Mich. References 20 to 26 are selected quar- 
terly progress reports dealing with the project. 
The HPD program is divided into four tasks as 


follows:?! 


1. Task IA— High Power Density Fuel Develop- 
ment. This task will evaluate the feasibility and 


the performance of a partial reactor core operating 
in the VBWR at high powerdensity and utilizing fuel 
elements manufactured from available fabricating 
processes. 

2. TaskIB— Fuel Fabrication Development. De- 
sign, fabrication, irradiation and examination of 
high power density fuel elements with potentially 
low fabrication costs is the objective of this task. 

3. Task II— Stability and Heat Transfer Devel- 
opment. This task will evaluate analytically and by 
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Table IV-8 DESCRIPTION! OF BURNABLE-POISON ASSEMBLY 12L 


Rod U235 
No. Fuel data enrichment Cladding data 
Controls (No Poison) 
AR Vibrator y- compacted arc- (USEd POWdEE, 5.5% Type 304 S.S. annealed, ~40,000-psi 2% yield strength, 
Ban of theoretical density 0.485-in. outside diameter by 0.011-in. wall 
B-1 Pellets, 95% of theoretical density 5.5% ` j š j 
Borated Cladding but No Poison in Fuel 
C-1 All rods vibratory-compacted arc-fused 6.6% C-1 Annealed, —45,000-psi 0.2% yield strength 
powder, 85% of theoretical density 
C-2 C-2 Cold worked, ~70,000-psi 0.2% yield strength 
C-1, C-2 500 ppm BN + type 304 S.S., 0.485-in. outside 
diameter by 0.011-in. wall 
C-3 C-3 Annealed, ~45,000-psi 0.2% yield strength 
C-4 C-4 Cold worked, ~70,000-psi 0.2% yield strength 
C-3, C-4 C-3, C-4 750 ppm BN + type 304 S.S., 0.485-in. outside 
diameter by 0.011-in. wall 
D-1 All rods pellets, 95% of theoretical 6.6% D-1 Annealed, ~45,000-psi 0.2% yield strength 
density 
D-2 D-2 Cold worked, ~70,000-psi 0.2% yield strength 
D-1, D-2 D-1, D-2 500 ppm BN + type 304 S.S., 0.485-in. outside 
diameter by 0.011-in. wall 
D-3 D-3 Annealed, ~45,000-psi 0.2% yield strength 
D-4 D-4 Cold worked, ~70,000-psi 0.2% yield strength 
D-3, D-4 D-3, D-4 750 ppm B + type 304 S.S., 0.485-in. outside 
diameter by 0.011-in. wall 
Poison in Fuel but No Poison in Cladding 
E-1 Vibratory-compacted arc-fused powder, 6.6%/5.5% E-1 Type 304 S.S. annealed, ~40,000-psi yield 
85% of theoretical density, poisoned Strength, 0.485 in. by 0.011-in. wall 
with 50 ppm BN as BeO-coated ZrB, 
particles 
E-2 Vibratory-compacted and swaged arc- 6.6% /5.5% E-2 Type 304 S.S. swaged, ~135,000-psi yield 
fused powder, 92% of theoretical den- strength, 0.485 in. by 0.017-ín. wall 
sity, poisoned with 50 ppm BN as 
BeO-coated ZrB, particles 
Poison in Fuel but No Poison in Cladding 
F-1 Vibratory compacted arc-fused powder, F-1 Type 304 S.S. annealed, 40,000-psi yield 
85% of theoretical density, poisoned strength, 0.485 in. by 0.011-in. wall 
with 50 ppm BN as molybdenum- 
coated ZrB, particles 
F-2 Vibratory compacted and swaged arc- F-2 Type 304 S.S. swaged, 135,000-psi yield 
fused powder, 92% of theoretical den- strength, 0.485 in. by 0.017-in. wall 
sity, poisoned with 50 ppm BN as 
molybdenum -coated ZrB, particles 
G-1 Vibratory compacted arc-fused powder, G-1 Type 304 S.S. annealed, 40,000-psi yield 
85% of theoretical density, poisoned strength, 0.485 in. by 0.017-in. wall 
with 50 ppm BN as ZrB, particles 
G-2 Vibratory compacted and swaged arc- G-2 Type 304 S.S. swaged, 135,000-psi yield 


fused powder, 92% of theoretical den- 
sity, poisoned with 50 ppm BN as 


ZrB, 


strength, 0.485 in. by 0.017-in. wall 





test the transient behavior and stability character- 
istics of the HPD reactor, and will determine by 
test the heat transfer and fluid flow characteristics 
of the core, using elements simulating core char- 
acteristics. 

4. Task II— Physics Development. This task 
involves the physics evaluation of control require- 
ments and hot spot reduction; the physics and engi- 


neering conceptual design of a 300 Mwe high power 
density reactor; and the physics and engineering 
required to design, procure and put into operation 
a computer for scheduling control. 

5. Task IV— Operational Planning and Test Co- 


ordination. The coordination of the R & D program 


between tasks, with Design Engineering, and with 
the AEC and Consumers is a major function of this 
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task, as is the design of tests and the procurement 
of instrumentation. 


This review considers only Tasks IA and IB. 
Under the HPD program (Task IA) 24 fuelas- 
semblies have been fabricated and irradiated in 
the VBWR. These consisted of four 16-rod fuel- 
follower assemblies and twenty 25-rod test as- 
semblies. The fabrication of these assemblies 
is detailed in Ref. 27, and the constructional 
details of the assemblies are given in Table 
IV-9. Groups A and B assemblies are control- 
rod follower assemblies. The Group C assem- 
blies duplicate the Consumers Power Company 
reactor first core fuel assemblies with respect 
to cladding stress and diametral gap, but a 
single-layer spacer is used. The spacer designs 
and the fuel bundle itself are shownin Fig. IV-4. 
Bundle 3C contains fuel pellets that have been 
ground to several different diameters to simu- 
late the variability of unground pellets. Group D 
includes variations in diametral gap, pellet tol- 
erance, cladding thickness (the 12-mil cladding 
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will be collapsed owing to reactor pressure), 
and the metallurgical condition of the cladding 
(cold worked or annealed). Group E assemblies 
are designed to duplicate the first core fuel in 
the Big Rock Point Reactor as closely as pos- 
sible; one fuel element is instrumented for inlet 
and exit coolant flow rates, pressures, and tem- 
peratures and contains a flux monitor tube in 
place of the center fuel rod. Group F assem- 
blies were built of fuel rods having lengths of 
about 5 ft rather than the normal length of 
Slightly over 3 ft. Group G assemblies incor- 
porated variations in diametral gap and cladding 
conditions. The fuel rods were swaged to pro- 
duce a controlled pellet-cladding gap; the proc- 
ess reduced the pellet-cladding gap an average 
of about 5 mils. 


Twenty-two of the 24 fuel assemblies were 
placed in the VBWR in September of 1960; the 
remaining two assemblies, the instrumented 
ones, were placed in the core during June 1961. 
A difficulty was experienced with the spacers 
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Fig. IV-4 Typical high-power-density VBWR fuel bundle.?? 
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on E and F assemblies. The F bundles, with 
their 5-ft rods, have two spacers between the 
upper and lower tie plates, whereas the E as- 
semblies, with 3-ft rods, have one spacer. These 
assemblies employed prototype spacers that 
were held in position by wires running between 
the spacers to the upper and lower tie plates. 
Quoting from Ref. 22: “It appears that the prob- 
lem of breaking axial tie wires and skidding the 
Spacers on bundles 1E-5E and 1F is one that 
will plague us through the remaining period of 
irradiation. Though it is a problem and cer- 
tainly points to the elimination of this method 
for axial spacer location, it is not expected that 
this will affect the performance of the fuel or 
the information available from it, after irradi- 
ation.” From the references it is not clear what 
the difference was between the method of lo- 
cating the single-layer spacers and the proto- 
type spacers or why the latter method would be 
giving trouble and the former method would not. 

As of June 1963 some of the assemblies had 
reached peak burnups above 10,000 Mwd/ton. A 
total of 15 assemblies had been removed from 
the VEWR because of failed fuel rods. The ir- 
radiation exposure data on the sound assemblies 
are given in Table IV-10, and data on the fuel- 
rod failures are given in Table IV-11. Prelimi- 
nary observations are quoted as follows:”¢ 


1. The cracks are predominately intergranular 
in nature, starting at the fuel rod outer diameter 
and eventually penetrating the clad thickness. 

2. No grain boundary precipitates have been ob- 
served which may account for the intergranular 
cracking. 

3. All of the failed fuel rods were clad with 304 
Stainless steel tubing purchased with an initial room 
temperature yield strength of 90— 95,000 psi. 

4. All of the cracks have occurred in the peak 
heat flux region of the fuel rods. 

5. All of the cracks occurred in rods which had 
operated at peak surface heat fluxes in excess of 
380,000 Btu/hr-ft?. 


In addition to the HPD project fuel elements 
listed in Table IV-9, a total of seven special 
elements (Task IB) have been irradiated in the 
VBWR. The fabrication details of these elements 
are given in Table IV-12, and their irradiation 
exposure data through December 1962 are listed 
in Table IV-13. The fabrication of these ele- 
ments comes under Task IB of the HPD project, 
and it is evident from a consideration of Table 
IV-12 that the Task has studied a number of ad- 
vanced methods for the fabrication of fuel rods. 
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These include tandem rolling, electromagnetic 
vibratory compaction, pneumatic vibratory com- 
paction, Swaging employing powder fuel, and 
Swaging employing pelletized fuel. The vibra- 
tional compaction of oxide is covered in greater 
detail in Ref. 28, and Refs. 29 to 31 report on 
fabrication of fuel elements by swaging. 

Also included in Task IB is the preparation 
of eight developmental fuel assemblies for ir- 
radiation in the Consumers reactor. Each as- 
sembly contains 121 fuel rods of 6-ft length. 
The bundle is shown in Fig. Iv-5.2?.82 Four of 
the assemblies contain rods prepared by the 
Swaged-pellet process, whereas the other four 
assemblies contain swaged powder fuel rods. A 
functional description of the components shown 
in Fig. IV-5 is as follows: 


Laterally positions fuel rods with re- 
spect to each other and the channe! 

Adds stiffness to the corner angles 
and ties them together 


Spacer 


Transmits force 

Positions the spacers axially 

Provides protection to the fuel rods 
during insertion and removal from 
channels by being the outermost 
part of the fuel bundle 


Corner angle 


Supports the weight of all fuel rods 
and transmits this force to the 
corner angles 


Support 


Provides a handle without obstruct- 
ing fuel-rod removal 

Transmits the weight of the fuel bun- 
dle from the corner angles to the 
lifting device 


Weldment 


Prevents withdrawal of fuel rods 
Adds stiffness to the weldment 


Retainer 


The special assemblies 8S, 9S, and 10S which 
are being irradiated in the VBWR, as well as 
assembly 4S, are prototypical of the Consumers 
development fuel, or they contain mechanical 
design features representative of the research 
and development fuel assembly. Table IV-14 
lists the Task IB failure data as of June 1963. 


High-Performance UO Program 4446 


This program is a joint USAEC-Euratom 
program “.,.to obtain a better understanding 
of the maximum achievable operating charac- 
teristics of UO, as a reactor fuel.” The pro- 
gram is divided into three major tasks, as 
follows: 
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Fig. IV-5 Preliminary development of fuel bundle.” 


Task I— Measurement of Fission Gas Pressure 


inOperating Fuel Elements. Objective: Direct 


measurement of fission gas pressure in UO,-filled 
fuel rods, as functions of temperature and fuel con- 
figurations. Measurements to be made over an ex- 
tended period of time during transient and steady- 
state reactor operation. 

Task IIA— Loop Modification. Objective: Design, 
fabrication and installation of GETR Pressurized 
Water Loop modifications required by Task IIB ex- 
perimental program. 

Task IIB— Performance of UO, Fuel. Objective: 
Obtain a relationship between the amount of fuel 
rod central melting and the burn-up that can be at- 
tained before fuel-cladding interaction results in 
rod failure. 


A number of progress reports have been issued 
and are cited as Refs. 35 to 41. 

The results obtained under Task I of the UO, 
program are summarized in Ref. 42. The pres- 
sure transducer used in the reactor is shown 


schematically in Fig. IV-6; briefly, the pres- 
sure within the fuel rod was measured by in- 
creasing the pressure in the tube connected 
with the source of equalizing pressure until the 
contacts opened. The fuel elements listed in 
Table IV-15 were studied. The temperature 
profiles in the elements were calculated using 
the UO, conductivity data of Bates® and some 
unpublished UO, conductivity data of Lyons.“ 
For comparison these data are shown in Fig. 
IV-7. Equivalent gap conductances of 440 and 
1762 Btu/(hr)(sq ft)(°F/ft) were assumed. The 
results are quoted as follows: 


... These experiments have indicated that fission 
gas release is negligible from UO, operated below 
the recrystallization temperature. For operation at 
higher power levels the fractional fission gas re- 
lease is directly comparable to the volume fraction 
of fuel operating above the recrystallization tem- 
perature. 


Vol. 7, Ne.’ 


Table IV-14 TASK IB FAILURE DATA‘ 


Heat flux in 


Task IB Exposure in failure location 
fuel Location of failed failure location, (peak), 
assembly rod(s) Mwd/ton of U Btu/(hr)(sq ft) Remarks 
1S None No failures; see 1SM 
1SM None 1SM has been reconstituted from fuel 
rods originally in 3S and 15S, the 
purpose being to allow irradiation 
to continue on the tandem-rolled 
rods 
2S One 0.016-in. rod, one 7,100 385,000 Longitudinal crack ~8 to 9 in. long in 
0.010-in. interior rod 0.010-in. cladding; RML ultrasonic 


examination revealed crack in 
0.016-in. cladding 

3S Four corner pellet rods 7,183 380,000 Gross longitudinal cracks varying to 
very small intergranular and 
transgranular cracks; RML metal- 
lurgical examination performed on 
one corner rod 


3S Two tandem-rolled rods Two tandem-rolled rods show indica- 
tions of cracks by ultrasonics 

4S None No failures 

5S ? Ultrasonic techniques show many 


small indications; cracking not ob- 
served visually 


6S Two rods, B and D, 8,441 410,000 Large cracks visible in two rods 
adjacent to corners on 
one side 
7S One swaged exterior rod 6,100 460,000 Longitudinal crack, ultrasonic tech- 
adjacent to corner niques verified; RML examination 
planned 
8S* One corner rod 5,638 527,000 Small cracks* visible in one rod 
9S No failures 
10S* One corner pellet rod 3,387 458,000 Small longitudinal crack* in one rod 
11S Bundle has not been irradiated to 
date 


*Some difficulty in verification exists among several observers. Ultrasonic examination will be performed. 


Table IV-15 FUEL RODS IRRADIATED WITH PRESSURE TRANSDUCERS® 


Rod Rod Rod Rod Rod Rod 
S-1 S-1A S-2 S-3 P-1 P-2 
Enrichment, % 4.0 4.0 7.08 3.84 3.0 6.65 
Fuel density p/p, % 98 98 98 93.2 89.4 90.0 
Fuel type Pellet Pellet Pellet Pellet Powder Powder 
Fuel diameter, in. 0.496 0.496 0.481 0.496 0.500 0.500 
Maximum heat flux 348* 334* 532* 348* 2231 4531 
Maximum burnup,t 
Mwd/ton 1549 1718 3115 1712 674 1270 
Gap, in. 0.004 0.004 0.014 0.004 
Fuel weight, g 957 880.5 897 935 945 946 
Fuel length, in. 28.6 26.3 28.3 28.5 28.75 27.5 
Void volume, cmš 5.5 3.5 9.6 4.4 6.3 3.9 
Typical oxygen-to- 
uranium ratios 2.008 2.007 





*Heat flux was 1000 Btu/(hr)(sq ft) in position N-10 at 36 Mw of reactor power. 
1*AÀt time of removal from reactor. 
tHeat flux was 1000 Btu/(hr)(sq ft) in position O-10 at 40 Mw of reactor power. 
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These conclusions are based on data taken with 
rod S-2, since the other rods experienced me- 
chanical difficulties or were of insufficient en- 
richment to get the maximum temperature 
above the recrystallization temperature. 

The direct measurement experiment waster- 
minated on Sept. 12, 1962. Presumably no fur- 
ther irradiation of the transducer-equipped rods 
will be made, although the results reported to 
date indicate that the technique is feasible. It 
would be of interest to irradiate the powder- 
filled rods at a higher heat flux, if possible, for 
comparison to the pellet-filled-rod gas release. 

Task IIA is concerned primarily with modifi- 
cation and operation of a pressurized-water loop 


Fuel Rod 





Capillary 


Electrical Conductor 


Tube to Source of 
Equalizing Pressure 


Fig. IV-6 Schematic of transducer.” 
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in the General Electric Test Reactor (GETR). 
This loop, the PWL loop, is being used to irra- 
diate samples under the High-Performance UO, 
Program (HPP). The loop can accommodate a 
rod bundle composed of four rods, each with an 
outside diameter of about !/ in. and an active 
length of 34 in. Another facility used for the 
program is the so-called “Trail Cable” facility. 
This facility, a part of the GETR installation, 
can accept a single fuel rod of the same geome- 
try as that to be employed in the PWL loop with 
the exception of length; the Trail Cable capsule 
has a length of 5 in. The Trail Cable facility 
was used to obtain calibration data on the UO, 
before the full-length rods were irradiated in 
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Fig. IV-7 JE R(T) dT vs. T for UO, having 95% of 
theoretical density.” 


Table IV-16 OPERATING DATA FOR PWL LOOP: 
HIGH-PERFORMANCE UO, PROGRAM 


GETR PWL Approximate 
cycle assembly Burnup, peak heat flux, 
No. No. Mwd/metric ton Btu/(hr)(sq ft) 
33 EPT-6 1180 630,000 
34 EPT-8 1442 790,000 
35 EPT-10 1182 1,010,000 
36 to 39 EPT-COM 1516 1,200,000 
40 EPW-6/8 9.8 722,000 
40 EPW-6/8A 11.7 800,000 
41 EPT-12 2239 1,350,000 
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the PWL loop. The operation of the Trail Cable 
facility was coordinated with remote metallurgi- 
cal examinations of the irradiated capsules to 
obtain as much information aspossible concern- 
ing UO, temperature distribution and thermal 
conductivity. 

The nomenclature for the assemblies irradi- 
ated in the PWL loop is given in Table IV-16, 
along with other pertinent data. The results of 
the first three experiments involving EPT-6, 
-8, and -10 are summarized in Ref. 40. The ir- 
radiation conditions are summarized in Table 
IV-17. The fuel rods contained sintered UO, 
pellets that had 95% of the theoretical density, 
a diameter of !/, in. (nominal), and a total active 
length of 34 in. The results of the postirradia- 
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tion examinations indicated increases in the 
fuel-rod diameter, and the increase in the fuel- 
rod volume corresponding to the increase in the 
outside diameter is shown in Fig. IV-8. Refer- 
ence 40 makes the following comment on the 
swelling: 


Considered as an entity, all of the different bits 
of evidence collected in the above post-irradiatio: 
examination point to anassociation between the clad 
swelling and the UO, melting that occurred in the 
fuel rods. Recent measurements have indicated : 
fairly large volume increase (~7 percent) in UG 
upon melting ... which could generate the neces- 
sary force to produce clad swelling .... 


Surprisingly, similar rods that had been irra- 
diated in the Trail Cable facility had not ex- 


Table IV-17 PARAMETERS FOR EURATOM PWL FUEL-ASSEMBLY IRRADIATION 


Fuel-rod 
peak surface Assembly 
Fuel Fuel-column heat flux thermal Average 

Assembly enrichment, length, (average), power, burnup, Irradiation 
designation % in. Btu/(hr)(sq ft) kw Mwd/ton period 

EPT-6 1.5 34 + yA 645,000 200 1180 4/23/62 to 5/19/62 

EPT-8 2.2 344% 895,000 260 1442 6/1/62 to 6/24/62 

EPT-10 3.0 31 + VA 1,010,000 310 1182 7/3/62 to 7/19/62 
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Fig. IV-8 Fuel-rod volume increase vs. peak sur- 
face heat flux at startup.” 


hibited dimensional changes after operating at 
similar thermal performance. This difference 
has been attributed to the different lengths af 
the two rods. In the long PWL fuel rod, the 
molten oxide was contained between two rela- 
tively cold, nonplastic sets of fuel pellets, 
whereas the short Trail Cable rod contained a 
molten core over essentially its whole length, 
and the molten oxide expanded into a plenum. 
Metallographic examination of a transverse 
section of one of the rods in assembly EPT-10, 
at the point of maximum swelling, revealed 
cracks along the outer portion of the cladding 
surface. Probably some had propagated through 
the cladding, since puffs of fission gas had been 
noted during operation of EPT-10. 

Since expansion of molten UO, was responsi- 
ble for the cladding swelling, the EPT-COM 
assembly was designed with hollow oxide pellets 
to accommodate the expanded oxide. The hollow 
core was an 80- to 90-mil hole drilled in each 
of the fuel pellets at the center line. Figure 
IV-9 shows that extensive UO, melting and fuel 
relocation occurred during irradiation. The fuel 
in all four rods in assembly EPT-COM under- 
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Fig. IV-9 Fuel microstructure boundaries of a rod from assembly EPT-COM."! 


went some center melting; but of the four, only 
one rod, the rod in which the heat flux was 
highest, was swollen. This result was inter- 
preted as an indication that the 80-mil hole was 
marginal for containing the UO, on melting, and 
assembly EPT-12 was designed with a 140-mil 
hole. Assembly EPT-12 was still in the GETR 
PWL loop as of the writing of Ref. 41 and ap- 
parently was performing satisfactorily.* The 
initial startup for the GETR, when the EPT-12 
assembly was in place, was programmed to 
prevent sudden power changes of appreciable 
magnitude, since it was desired to minimize 
severe internal volume changes in the fuel rods 
of EPT-12. 

Assemblies EPW-6/8 and -6/8A contained 
Swaged-powder fuel rods. These were prepared 
from arc-fused powder, denitrided at 1650°C 
for 4 hr in H, before loading. The powder was 
vibrationally compacted into tubing that was 
0.656 in. in outside diameter by 30 mils in wall 
thickness (Zircaloy-2) and was swaged in two 


*A later progress report, however, notes that, 
during subsequent irradiation, assembly EPT-12 
failed with significant release of activity. 


passes to the final outside diameter of 0.565 in. 
The final oxide density was 90%. Several fuel 
rods were made by vibrational compaction 
alone — without swaging —to a final density that 
was 86% of theoretical. Assembly EPW-6/8, 
containing all swaged rods, underwent about 10 
hr of irradiation in the PWL loop; at that point 
the reactor scrammed owing to high radiation 
levels in the loop. Examination of the assembly 
revealed a longitudinal split in the cladding of 
the rod in the position of highest relative power 
for the assembly. Two of the sound rods from 
the assembly and two rods fabricated by only 
vibrational methods were reassembled into 
EPW-6/8A and placed in the PWL loop for 
GETR cycle 40. Soon after startup, when the 
power was being increased from 25 to 27 Mw, 
one of the two swaged rods failed; the failure 
occurred in the swaged rod having the higher 
power density. The details of the irradiation and 
subsequent examination of these assemblies are 
contained in Refs. 41 and 44. The following quo- 
tation illustrates current thinking on the causes 


of the failures:*! 


It should be emphasized that the RML investiga- 
tions of these two failures are incomplete. No firm 


conclusion can be made concerning the failure 
mechanism until the examinations are finished. 
However, on the basis of the evidence presently 
available, the failures seem to be basically the re- 
sult of clad swelling similar to that previously ob- 
served in the pellet fuel rods. The magnitude of the 
clad swelling for a given surface heat flux in the 
case of the swaged fuel appears to be equal to or 
greater than that previously experienced with pellet 
fuel despite its lower fuel density .... This may 
be the result of lower thermal conductivity in the 
powder fuel with a resultant large degree of fuel 
melting. The clad swelling coupled with a generally 
less ductile cladding due to swaging resulted in ac- 
tual loss of the clad integrity. (The pellet fuel rods 
experienced significantly larger increases in di- 
ameter than the first powder fuel rod failure and 
did not rupture.) 


It is likely that the first powder rod failure was 
associated with a localized weakness in the clad- 
ding. This conclusion is based on the failure being 
away from the zone of maximum swelling and the 
circumferentially nonuniform swelling of the UO, 
cross section in the failure zone. The source of the 
clad weakness has not been identified. 


The mechanism for the second powder rod fail- 
ure appears to have been much more complex. The 
failure was more severe than the first in terms of 
the activity release to the loop. 


A section of the cladding approximately !⁄4 inch 
wide by one inch long was lost from the rod and 
the appearance of the remaining edges of the clad 
indicates that the clad had melted. The general di- 
ameter increase of the rod at the axial location of 
failure is approximately 80 mils. Two possible 
mechanisms for the clad melting can be postulated. 
One is that a heat transfer ‘‘burnout’’ may have 
occurred at the failure zone as a result of flow 
starvation from the clad swelling, particularly if 
the swelling at the failure orientation significantly 
exceeded the uniform swelling measured at the 
cross section. A second is that the clad may have 
fractured, expelling the outer rim of unmelted fuel 
and permitting molten UO, to contact the cladding. 
The post-irradiation examination has produced 
some evidence favoring the latter theory. The loss 
of fuel and cladding makes it difficult to obtain a 
complete picture of what occurred. 


The vibratory compacted fuel rods had approxi- 
mately four percent lower density than the swaged 
fuel rods and do not appear to be subject to clad 
swelling, at least up to a heat flux of approximately 
800,000 Btu/hr-ft?. To confirm this conclusion it is 
planned to replace the original swaged powder as- 
sembly in the irradiation schedule for the program 
with fuel rods fabricated by vibratory compaction 
alone. This assembly [was] scheduled for irradia- 
tion in the GETR during April 1963. If this irradia- 
tion is successful, the remaining higher thermal 
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Fig. IV-10 Thermal conductivity vs. temperature for 
UO, having 95% of theoretical density.“ 


performance powder fuel rods will alsobe vibratory 
compacted. 


Analyses of irradiated pellet-fuel capsules in 
the Trail Cable facility have resulted in in- 
creased knowledge of fuel melting limits and 
thermal conductivity. Figure IV-10 summarizes 
the results from various experimenters; the 
integral of kdT from zero to melting tempera- 
ture has been experimentally determined as 
86 + 3 watts/cm. The Trail Cable data in Fig. 
IV-10 do not indicate the improvement of UO. 
thermal conductivity at elevated temperatures 
which has been postulated elsewhere.“ 
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V Control and Dynamics 


Power Reactor Technology 


Period Meters 


It is well known that the time constants of 
devices for measuring neutron flux levels are 
long at low flux levels. For pulse type detectors 
this is a fundamental result of considerations of 
Signal-to-noise ratio. The instrument must ex- 
amine a relatively large number of pulses to 
determine whether an observed change in pulse 
rate represents a true change in the average 
flux level or a statistical fluctuation. Current 
type detectors (ion chambers) are, of course, 
Subject to the same fundamental limitation, but 
often the time constant is set at some larger 
value by the practical necessity of producing a 
voltage signal of useful size across the inherent 
electrical capacitance of the detector and its 
connecting cable. 


The time constants of instruments used at low 
flux levels are of particular interest when the 
instruments provide period information, for itis 
evident that the instrument cannot assess the 
true period accurately unless its time constant 
is short relative to the period; and they are of 
particular importance because period informa- 
tion is often used to actuate low-level safety 
circuits. Two recent papers"? illuminate the 
behavior of period circuits at low flux levels by 
computing the period meter output as a function 
of time during a reactor power transient. Ref- 
erences 1 and 2 describe digital computer pro- 
grams for the Ferranti Mercury computer which 
compute the outputs of period meters during 
startup transients resulting from specified pro- 
grams of reactivity addition to the critical or 
subcritical reactor. The period meter con- 
Sidered in Ref. 1 consists of a mean-level 
current ionization chamber, a vacuum diode for 
a logarithmic device, and the usual d-c ampli- 
fier, differentiator, and meter. The circuit 
elements that determine the dynamic response 


of the meter are shown schematically in Fig. V-1. 
Reference 2 is similar to Ref. 1, except that it 
treats a period meter utilizing count rate as 
input. The detector is a pulse ionization chamber, 
and several diode pumps are used to give the 
logarithmic characteristic. The program allows 
for time delays in the diode pump circuits and 
in the period meter. 


The calculated response of a period meter, 
with the circuit characteristics listed in 
Fig. V-1, is shown in Fig. V-2 for a power 
excursion caused by the addition of reactivity 
at the rate of 2% per minute to an initially criti- 
cal reactor. The reactor assumed is graphite 
moderated, with an effective prompt-neutron 
lifetime of 1 x 107? sec; however, the behavior 
is not sensitive to neutron lifetime over the 
range of periods in the figure. Of more signifi- 
cance is the assumed relation between reactor 
power level and ion chamber output. This is 
taken as 2x10 ° amp per watt of reactor 
power and in the actual case would be strongly 
dependent on the ion chamber location. 


In addition to the inverse periods, a, indi- 
cated by the period meter when the transient 
is initiated at various power levels, Fig. V-2 
shows plots of the true inverse period, a, of 
the reactor and the inverse period that would 
be indicated by the meter if the logarithmic 
amplifier were perfect, i.e., if the dynamic 
response of the circuit element shown in part a 
of Fig. V-1 were perfect. The curves for initial 
powers of 100 kw and higher correspond very 
closely to this curve. The reference points out 
that the dynamic response involves both a phase 
lag, which in Fig. V-2 causes the low-power 
curves to indicate periods that are much too 
long for a number of seconds after the beginning 
of the transient, and an overshoot that at some 
later time causes each low-power curve to rise 
above the curve for the perfect logarithmic 
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amplifier, a;. Thus, for example, if the period- 
meter indications were being used to actuate a 
scram ata period of 2 sec (a = 0.5), the scram 
would occur sooner if the transient started at a 
power of 100 watts than if it started at one of 
the higher (or lower) power levels considered. 
Similarly, if the scram were set for a period of 
1.1 sec (a = 0.9), the initial power level of 
10 watts would provide the earliest scram. 
Usually a delay of several seconds in the 
recognition of a short period at very low power 
levels need not be interpreted as hazardous, 
inasmuch as the power must rise many decades 
before the level becomes dangerous (in Fig. V-2 
the power rise is of the order of 10° before 
the period meter begins to show a short period 
on the l-watt curve). Curves like those of 
Fig. V-2 do, however, emphasize the importance 
of locating period sensors close enough to the 
reactor core to avoid large attenuation of the 
neutron flux. They are also useful tothe reactor 
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Fig. V-1 Schematic components of period- meter cir- 
cuit.! For the curves shown in Fig. V-2, the fol- 
lowing values were used for the circuit elements: 
C = 2000 picotarads; time constant of C.R, = 1.0 sec; 
time constant of C.,R,= 1.0 sec; gain of logarithmic 
element = 0.1 volt neper (1 neper = 5.686 db); gain of 
dilferentiator = 10 sec. 
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Fig. V-2 Calculated indications of period meter dur- 
ing ramp addition of reactivity to an initially criticai 
reactor.! The reactivity addition rate is 2% per min- 
ute, and the power levels indicated specify the reactor 
power at the beginning of the reactivity addition. The 
mean prompt-neutron lifetime for the reactor is 1 > 
107° sec, the delayed-neutron characteristics are 
those of U235. and the ion chamber sensitivity and lo- 
cation are such that the current is 20 ua at the full 
reactor power of 100 Mw. The characteristics of the 
period-meter circuit are given in Fig. V-1. 


operator for clarifying the observed perform- 
ances of period meters at low power levels. 


Transducers 


Input transducers are devices that transform 
a nonelectrical physical quantity into a meas- 
urable electrical quantity; transducers of vari- 
ous types are essential parts of nuclear reactor 
control systems. To incorporate these devices 
into a reactor system, the designer needs to 
know temperature and radiation-damage limita- 
tions. This important information is supplied by 
Ref. 3. Tables that give temperature range, 
measurement range, and fast-neutron and 
gamma-flux thresholds are presented for dis- 
placement, pressure, strain and torque, force, 
temperature, and radiation transducers. Often 
the limitations are merely best estimates, 
Since the experimental data on actual trans- 
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ducers and sensing elements are limited. The 
threshold values quoted were established by 
contacting users and manufacturers, by extrapo- 
lation of irradiation-damage information on the 
materials of construction, and by relating actual 
empirical information on irradiated trans- 
ducers. The limiting components of the trans- 
ducers for nuclear applications are the organic 
insulators and dielectrics, the lubricants, and 
the damping oils. Of considerable interest to 
the nuclear industry, because of the importance 
of temperature transducers in reactor instru- 
mentation, is the fact that in thermocouples ra- 
diation causes composition changes that change 
the calibrations. Computer programs have been 
used to determine the extent of the changes, and 
the results have been tabulated; chromel was 
found to undergo very slight transmutation. 
Temperature transducers may also be subject 
to other radiation effects such as effects on 
insulation, connectors, leads, and sealing com- 


pounds. 


Servomechanism 
Reliability 


Studies and discussions of the reliability of 
reactor control systems are fairly numerous. 
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Two reviews have appeared in a recent issue 
of Nuclear Safety. Reference 6 is a recent 
British study of the application of redundancy 
techniques to the automatic control of nuclear 
reactors to improve reliability. The study con- 
siders circuit redundancy, where the circuit is 
considered to include all components from the 
instrument sensors to the control-rod drives. 
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Power Reactor Technology 


Low-Pressure Containment 
Building 


Two recent reports’? give containment informa- 
tion that is of use in those applications where 
low leakage rates are required, but where the 
maximum pressure and permissible leakage 
limits are not so stringent as to demand the 
use of a welded-steel containment shell. Ref- 
erence 1 reports measurements of air leak 
rates through structural components of con- 
crete and metal-panel buildings. The leak-rate 
data were used to generate empirical constants 
for use in analytic expressions that can be used 
to predict the air flow rates through the building 
components as a function of size, method of 
construction, and pressure differential. In addi- 
tion to the information on walls, information is 
presented on doors, louvers, butterfly valves, 
caulking materials, and paints. Also presented 
are the preferred design methods for reducing 
leakage, descriptions of procedures for pre- 
dicting and locating leak paths, and procedures 
for calculating the expected leakage from a real 
structure. It is suggested! that with improved 
construction methods the leak rate for a large 
metal-panel building can be reduced to 1% of 
the contained volume per day at a pressure of 
0.5 psi. Large concrete buildings can be con- 
structed to give a leak rate of 1% of the con- 
tained volume per day at a pressure of 5 psi. 


A recent leak-rate test of two identical con- 
crete structures shows how important design 
and inspection during construction will be in 
order to reduce the leak rate to 1% of the con- 
tained volume per day.? The tests were done on 
two reinforced-concrete structures intended to 
contain nuclear critical experiments at the 
Argonne National Laboratory. Each structure 
was in the form of a rectangular box with inside 
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dimensions of 30 by 40 by 30 ft high. Three of 
the concrete walls and the roof were 4 ft thick, 
and the remaining wall was 5 ft thick. The wall 
thicknesses were dictated by biological shielding 
requirements. The structures were designed to 
withstand a large pressure loading from a sudden 
energy release and its subsequent internal pres- 
sure, but they were not designed to be leaktight. 
After construction had been completed, the 
structures were pressurized to detect areas of 
gross leakage, and reasonable and practical 
measures were taken to eliminate or minimize 
these leaks. For instance, at the surface joints 
of opening frames the concrete was routed out 
to form a groove that was filled with the high- 
temperature mastic. This was also done around 
all nozzles, pipes, and conduits. When leaks 
persisted past door frames, epoxy resin was 
pumped through tapped holes in the door frame 
to fill the void between the steel and concrete. 
Also, where leakage was detected through large 
areas of concrete, about 4 in. of concrete were 
chipped out back to the reinforcing bars, and 
expanding grout was troweled into the void 
created by the removed concrete. All form ties 
were carefully grouted. Even after all these 
efforts to plug known leaks and suspected areas, 
one cell showed a loss of approximately 23% of 
its contained air per day, whereas the other 
cell showed a loss of approximately 10% at an 
internal pressure of 10 psig. To further reduce 
the leakage, the interior surfaces of the con- 
crete were painted with Carboline 305 that re- 
duced the leakage rates to 8 and 6% per day. 
From this it can be concluded that concrete 
placed in the conventional manner, even in 4- 
and 5-ft thicknesses, is pervious to air. 


Structural pressure tests were run on one of 
the concrete cells. The purpose of the tests was 
to obServe and compare experimental with ana- 
lytical strains and stresses in the reinforcing 
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steel in the concrete walls. Forty-four strain 
gauges were placed on the reinforcing steel on 
both the interior and exterior walls by removing 
the covering concrete. The cell was treated 
analytically by homogenizing the stee1 and con- 
crete intoacomposite. The steel cross-sectional 
area was transformed into equivalent concrete 
area. The moments, shears, stresses, and 
strains were calculated, using the moment dis- 
tribution method for longitudinal frame bent, 
traverse frame bent, and a rectangular box 
frame, which represented hypothetical 1-ft- 
wide sections cut vertically or horizontally 
through the walls and ceiling. A sample calcu- 
lation is shown in the report. The analytical 
results and the experimental results were com- 
pared at internal pressures of 2, 4, 6, 8, and 
10 psig, giving like results at all locations except 
at reentrant corners. The calculated results 
were brought into agreement at the reentrant 
corners by applying the proper stress-concen- 
tration factors. The stress-concentration fac- 
tors produced agreement with measured results 
at all locations except at the corner of one of 
the cell entrances. The calculational procedure 
predicted a compressive strain when, in fact, a 
tensile strain was measured. 


Moisture Separators 
and Particulate Filters 


A recent review in Power Reactor Tech- 
nology, 6(3): 20-21, described an activated- 
carbon filter that in combination with a particu- 
late filter would constitute the ventilation-air 
exhaust filter system for the Savannah River 
Plant (SRP) reactor buildings.’ These buildings 
are not pressure-containment buildings; there- 
fore in the event of an accident the released 
fission products would be carried by the ventilat- 
ing air through the exhaust filter system where 
the fission products would be removed. Since 
the reactors are cooled and moderated by water, 
a power-surge accident might be expected to 
introduce entrained water or fog into the venti- 
lation air which could interfere with the particu- 
late system. A report that describes a satis- 
factory particulate filter and moisture separator 
to complete the above filter system has been 
issued.‘ 

The filtration system was designed to remove 
99+% of the particles of sizes 0.3 and larger 
from the exhaust stream. The exhaust stream 
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that would be expected after a power-surge 
accident would consist of wet steam for 30 sec 
at 7000 scfm per filter, followed by 1 lb of water 
per minute entrained in the exhaust air for a 
period of 10 days. The rated filter flow is 
1000 scfm. Furthermore, the filter system has to 
work after accumulating dust over a three- 
month exposure to normal exhaust air. 


Preliminary tests on commercially available 
particulate filters with an air-water fog indi- 
cated flooding, with some of the filters rupturing. 
The amount of water incident on the filters was 
reduced through the use of moisture separators 
upstream of the filters. Although the moisture 
separator removed sufficient water to keep the 
particulate filter from plugging, it still allowed 
enough moisture to be incident on the filter to 
eventually saturate the filter medium. There- 
fore the filter medium has to have good water- 
repelling characteristics, good wet strength, 
and permeability for air in order to continue to 
function over the length of the accident. The 
filter must also retain these characteristics 
when exposed to 90°C air-water fog conditions 
that are expected following the accident. The 
details of the tests and the results are presented 
in the report. 


The moisture separator that will be used in 
the SRP reactor building is 2 ft by 2 ft by 2 in. 
thick and is rated for 1600 scfm of air at 0.95 in. 
of water. Each separator is made of several 
mats of Teflon yarn wrapped over stainless- 
steel reinforcing wire. The particulate filters, 
rated at 1000 scfm of air at 0.94 in. of water, 
consist of 230 sq ft of glass-asbestos fiber 
medium about 0.02 in. thick with aluminum 
corrugations separating the folds on both sides. 
The specifications for both units are given in the 
appendixes of the report. 


lodine Removal 


This is the third in a series of review articles 
on iodine removal from the atmosphere. The 
series began in Power Reactor Technology, 
5(4): 29-33, and continued in Power Reactor 
Technology, 6(3): 20-21. So far these reviews 
have covered several papers on the behavior of 
radioactive iodine released in containment build- 
ings and methods of removing this iodine from 
the building atmosphere to minimize the amount 
escaping from the building. Several more reports 
from the United Kingdom Atomic Energy Au- 
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thority on the removal of iodine from gas streams 
and containment buildings have been issued. ° 

Reference 5 investigates the performance of 
the scrubber that was originally installed in the 
cooling system of the British Experimental Pile 
O to remove iodine from the shutdown flow of 
air in the event of an accidental release of 
fission products. Although the caustic soda 
scrubbers have since been replaced by the more 
efficient activated-charcoal beds, the test re- 
sults may be of interest. The scrubbers con- 
sisted of four columns with a total cross- 
sectional area of 26 sq ft, with each column 
containing a 6.25-ft height of 1-in. mild-steel 
Raschig rings. The recommended air flow was 
3000 cfm with a liquid throughput of 325 gal/min. 
The scrubber liquor was a 5% caustic soda 
solution containing some carbonate. The four 
columns are mounted on a 700-gal horizontal 
sump tank from which the scrubber liquor is 
circulated around the scrubber system by a pump 
that delivers the liquor from the base of the 
sump tank to each column via a header and feed 
lines. The air passes countercurrent to the 
scrubber liquor, entering the bottom of the 
column and leaving from the top. 

Six tests were run to measure the iodine de- 
contamination factor (DF) of the scrubber sys- 
tem. The iodine used in the tests contained a 
trace amount of radioactive I'*! that was counted 
to determine the DF. The first, third, and fifth 
tests consisted of introducing iodine vapor, by 
heating sodium iodide, into the air stream just 
before its entrance into the scrubber. In the 
second test the iodine vapor was passed over a 
hot (900 to 1000°C) tungsten wire and then into 
a glass aspirator where the submicron particles 
of tungsten and iodine would mix, thus encourag- 
ing the iodine to adsorb on the particles. In this 
way the efficiency of the scrubber for the re- 
moval of particulates could be measured. Test 6 
was Similar except that lead fumes were used 
to form the submicron nuclei. In test 4 nothing 
was introduced into the air stream. The meas- 
ured results in test 4 came from the iodine 
deposited on the surfaces from previous ex- 
periments and absorbed back into the air stream. 
In test 5 the liquor was changed from caustic 
soda to sodium carbonate. The test results are 
shown in Table VI-1. 

If test 1 is disregarded, the scrubber appears 
to give a DF of about 30 for iodine vapor and 
does not appear to be sensitive to the change in 
liquor; but tests 2 and 6 show that the DF is 
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reduced by the introduction of particulate nuclei 
on which the iodine can be adsorbed and pass 
through the scrubber. In the case of a fuel- 
element meltdown, presumably many particulate 
nuclei would be released along with the iodine, 
thus reducing the effectiveness of the scrubber. 


Table VI-1 IODINE DECONTAMINATION FACTOR 
FOR LIQUID SCRUBBER® 





Test No. 1 2 3 4 5 
DF 250 10.5 32 33 29 1.4 


Reference 6 discusses the removal of iodine 
from the atmosphere by sprays; it is primarily 
a theoretical treatment of the effect of sprays 
in removing molecular iodine and iodine-con- 
taining particles. The molecular iodine is re- 
moved from the atmosphere by a water spray 
primarily by absorption in the water, and the 
iodine adsorbed on condensation nuclei is re- 
moved primarily by the spray by impaction. 
The two modes of removal require different 
analytical treatments. 

The molecular iodine is assumed to be ab- 
sorbed by water drops by a diffusion process. 
It is assumed further that the equilibrium con- 
centration or partition of iodine between air and 
water follows Henry’s law. So that the most 
efficient use of a water spray can be obtained, 
each drop should contain an equilibrium con- 
centration of iodine when it reaches the building 
floor. The analysis shows that equilibrium con- 
centration in the water drop is a function of 
the water-drop size and the height through which 
the drop falls. This relation for the attainment 
of 99% saturation with iodine, for 20 and 100°C 
water temperatures, is shown in Fig. VI-1. For 
example, in a containment building that is 10 m 
in height, the water drops would have to be 
<1000 u in diameter. The percentage of iodine 
removed by the water as a function of tempera- 
ture for several different air-to-water volume 
ratios is shown in Table VI-2. 

It can be seen that for reasonable quantities 
of water in the spray, very little iodine is 
actually removed by the spray because of the 
equilibrium vapor pressure between air and 
water. The ways suggested for increasing the 
amount of iodine removed by the spray are 
(1) continuous removal of the water from the 
floor of the containment building and (2) com- 
bining the iodine chemically in the water. 
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Fig. VI-1 Height in which a falling water drop 
reaches 99% saturation with iodine.® 


The iodine and other fission products thatare 
adsorbed on particulate matter in the atmosphere 
or are released from the fuel in particulate form 
are removed from the atmosphere mainly by 
three processes, all of which depend on the 
size and density of the particles. These proc- 
esses are (1) diffusion to solid and liquid sur- 
faces, (2) fallout under gravity, and (3) impaction 
on solid or liquid surfaces. Diffusion is a slow 
process, and fallout is rapid only for large 


Table VI-2 IODINE REMOVAL BY WATER 
AT VARIOUS AIR-TO-WATER VOLUME RATIOS® 


Iodine removal, %, at 


indicated temperature 
Air-to-water the mc 2 Z ee SOPS aA : 


volume ratio 20°C 100°C 
1 99 91 
10 92 52.5 
100 54 9.9 
1000 10.5 1.1 


eR a EE ED 
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particles, >10 u. Sprays can be used to increase 
the impaction surfaces. Analysis shows that 
particles of sufficient size and density (>l u in 
diameter and 10 g/cm’) can be efficiently re- 
moved from the atmosphere with drops travers- 
ing the atmosphere and impacting with the 
particles. The calculated removal rates, à, for 
1-, 2-, and 5-y particles for a water flow rate 
of 10 g/sec per square meter of floor area for 
water drops of 100, 200, 500, and 1000 u, are 
shown in Table VI-3. The optimum diameter of 
the water drops in the spray is about 500 u. If 
the flow rate is increased to 100 g/(sec)(m?) the 
removal rates in Table VI-3 increase by a factor 
of 10. A flow rate of about 100 g/(sec)(m?) for 
15 min will reduce the air concentration of >1-y 
particles to 0.1% of the original concentration. 


Table VI-3 REMOVAL RATES OF PARTICLES BY 
WATER DROPS*® 


{Water Flow Rate Is 10 g/(sec)(m?)] 

Removal rates (A), sec”!, 

at the indicated particle 
size 


Water-drop a ee 2 
diameter, pu lu 2 H 5p 
100 4.5 x107% 1.35 x 103 3 x 1078 
200 5.2 x 107$ 4.5 x 107° 9 x 10 
500 9 x 10-4 72x103 1.4107? 
1000 6 x 1074 55x103 1.0 107? 


Sprays seem to be reasonably efficient in 
removing molecular iodine and particles of 
diameter greater than 1u but are extremely in- 
efficient in removing the biologically important 
particles of submicron size. The type of reac- 
tor and the method of release seem to have a 
great deal to do with the chemical nature and 
the size of particulate iodine released?!’ More 
research on particulate size released from the 
various types of reactors is required before 
the effectiveness of sprays can be determined. 


A recent British report on the behavior of 
iodine in low concentrations has been issued.’ 
These iodine-release experiments were done in 
a laboratory with a volume of 1500 m°. The 
tests included a measurement of the iodine lost 
to the laboratory surfaces as a function of time 
after release, as well as several tests in which 
absorbers and filters were used to remove iodine 
from the air. 
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The iodine loss from the air was assumed to 
be principally by deposition on the laboratory 
surfaces and not from leakage or removalby the 
absorbers and filters that were in operation 
during the deposition measurements. This as- 
sumption is reasonable, since the laboratory was 
fairly leaktight and of such a size that at least 
1000 min would be required to pump all the 
air in the room through the systems under test. 
The principal surfaces present inthe laboratory 
are shown in Table VI-4. The reproducibility of 


Table VI-4 PRINCIPAL SURFACE MATERIALS AND 
AREAS IN THE LABORATORY’ 


Type of surface Area, sq ft 
Linoleum (floor) 2,500 
Glass 2,500 
Asbestos board (walls) 3,500 
Painted 13,000 

Total 21,500 


the concentration of iodine in the air asa function 
of time was poor. Several runs with an initial 
iodine concentration of 5pug/m gave air con- 
centrations that differed by a factor of 30 early 
in the run with the difference decreasing toa 
factor of 10 at 200 min after the iodine release. 
An explanation for the discrepancy early in the 
run was that the rate of mixing in the air was 
quite slow, giving large variations at the sam- 
pling position. No explanation was given for the 
variation at later times. So that the effect of 
changing the initial iodine concentration could 
be explored, tests were run in which the initial 
concentration was varied from 0.5 to 500 ug/ mš. 
The resulting ratios of air concentration to initial 
concentration as functions of time all fell within 
the spread of the 5 u g/m5 results, thus showing 
no measurable effect of initial concentration. 
Condensation nuclei from dusty air, as well as 
nuclei produced by Bunsen burner flames and by 
burning magnesium, were used to investigate the 
effects on deposition rate, but again no signifi- 
cant changes were detected. In all tests the 
prominent feature was the rapid disappearance 
of the iodine from the air in the room. At the 
end of the first hour about 98% of the released 
iodine was no longer airborne, and at the end 
of 3 hr about 99.7% was no longer airborne. 
The exact deposition mechanism is not com- 
~"etely understood, but an additional experiment 
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was done to determine if gravitational settling 
did occur; although the results were not con- 
clusive, they did show that no more than 10% 
of the total deposition could be accounted for 
by this mechanism. 


Several iodine absorber and filter systems 
were tested to determine their efficiency in re- 
moving low-concentration iodine from air. The 
types of systems tested were activated carbon, 
gas coke, magnesite, copper mesh, silver mesh, 
scrubbers, absolute filters, and combinations of 
absorbers and filters. The activated-carbon sys- 
tem was most effective. In combination with a 
good particulate filter, a 2-in.-deep activated- 
carbon bed was better than any other single 
system. The filter removes the particulates car- 
rying iodine that pass through the carbon bed, 
whereas the elemental iodine is removed by the 
carbon bed. 


Reference 8 is a review of the work done on 
the behavior of iodine by the aerosol group of 
the Atomic Energy Research Establishment 
since 1959. The following tests are reviewed 
and summarized: 


1. The behavior of iodine in large containers 

2. The behavior of iodine at very low con- 
centrations in air and CO, 

3. Adsorption of iodine on surfaces 

4. Adsorption of iodine on particulate matter 

5. Adsorption of iodine on charcoal 

6. Chemistry of iodine at low concentrations 


Also included in the report is a review of the 
work being done presently and a discussion of 
work that needs to be done before a complete 
solution of the problem can be expected. 
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Power Reactor Technology 


Sodium-Heated 
Steam Generators 


A summary report! has been compiled on the 
current state of the art of sodium-heated steam 
generators. The report contains information on 
six plant-size units and several model-size 
units. A general design description, operating 
experience, and bibliography are given for each 
unit. A summary of the performance of the 
plant-size units is given in Table VII-1. 


Components 


The steam generator for the Experimental 
Breeder Reactor I (EBR-I) consists of 31 single- - 
tube heat exchangers, each about 10 ft long. 
Nine exchangers serve as economizers, 18 as 
evaporators, and four as superheaters. Atypical 
cross section is shown in Fig. VII-1, illustrated 
as an evaporator. The economizers and evapo- 
rators are mounted vertically, and the super- 
heaters are horizontal. The inner tube is of 
triple-wall construction that consists of two 
layers of nickel with a copper core. The three 
individual tubes were assembled, drawn to- 
gether, and bonded by thermal diffusion to 
obtain good heat transfer. The water (or steam) 





Table VII-1 PERFORMANCE SUMMARY OF PLANT-SIZE STEAM-GENERATOR UNITS! 
SRE SRE 
EBR-I natural circulation once through EFAPP EBR-II HNPF 
Full-load heat 
transferred per 
unit, Mw(t) 3.92 20 20 143 62.5 85 (reentrant) 
Type of unit Falling Recirculating Once-through Once-through Recirculating Recirculating 
film pancake tube double-wall single-wall duplex tube double-wall 
tube tube tube 
Number of units 
per plant 1 1 1 3 1 3 
Steam temperature, 
°F 529 654 825 780 840 833 
Steam pressure, 
psig 393 600 605 900 1250 825 
Feedwater tempara- 
ture, °F 214 425 311 380 550 304 
Feedwater flow per 
unit, lb/hr 3630 51,500 88,800 476,000 268 ,000* 251,000 
Liquid-metal tem- 
perature 
In, °F 583 850 900 820 866 875 
Out, °F 419 580 440 520 588 559 
Liquid-metal flow, 
lb/hr 124,700 546,000 718,000 5,300,000 2,500,000 2,820,000 
Manufacturer Argonne Combustion Babcock & Griscom- Argonne Griscom- 
National Engineering, Wilcox Co. Russell National Russell 
Laboratory Inc. Co. Laboratory Co. 





*Blowdown of 20,000 lb/hr. 
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Vertical Section of Concentric Tube 
Construction 
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Fig. VII-1 Detail of single-tube evaporator for the 
Experimental Breeder Reactor I. 


flows through the tube, and the NaK flows 
(countercurrently) through the annulus. Leak 
detection to the copper core zone is provided 
at each end of the tubes. 


The natural-circulation unit (steam genera- 
tor) for the Sodium Reactor Experiment (SRE) 
is made up of two evaporators, one steam 
drum, and one superheater. The evaporators 
and superheater are vertical shells filled with 
many pancake coils stacked on top of each 
Other. A horizontal section of an evaporator, 
showing a single coil, is illustrated in Fig. 
VII-2. The evaporator shells are about 5 ft in 
diameter and about 8 ft high, each containing 
48 coils. The coils are of double-wall con- 
struction with mercury in the annulus. In the 
evaporator the inner tube is type 347 stainless 
steel, and the outer tube is carbon steel. The 
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sodium flows inside the coils, and the steam 
is generated on the shell side. Water enters 
at the bottom of the shell, and saturated steam 
passes out the top to the steam drum and then 
flows to the superheater. The superheater con- 
struction is similar, except that the steam 
flows inside the tubes and the sodium is on the 
Shell side. Both inner and outer tubes of the 
coil are type 347 stainless steel. This steam- 
generation system has been operated up to 
approximately two-thirds power without sig- 
nificant difficulties. 

In the once-through unit (steam generator) 
for the SRE, the water enters subcooled at 
one end and emerges as superheated steam at 
the other end. The unit is a U-shaped shell- 
and-tube heat exchanger. Sodium flows inside 
the shell from one end to. the other, and the 
water or steam flows inside the tubes in coun- 
terflow. Figure VII-3 shows the general ar- 
rangement of the shell and the nozzles and 
also shows a section view of the tube-sheet 
design. Double-wall tubes are used with mer- 
cury in the annulus. The outside diameter of 
the outer tube is "4, in. The shell hasa 
diameter of 19 in. and a developed length of 
80 ft. Both inner and outer tubes are type 304 
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Fig. VII-2 Natural -circulation evaporator for the 
Sodium Reactor Experiment. 
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Fig. VII-3 U-tube once-through steam generator for the Sodium Reactor Experiment.! 


stainless steel, and the shell is the same ma- 
terial. 

The unit has operated about 16,000 hr, and 
for about half of this time the power levels 
approached 20 Mw(t). During a recent shut- 
down an inspection was made of the steam- 
side internals, which disclosed no observable 
deposits or corrosion. One significant oper- 
ating phenomenon is the stratification of so- 
dium on the shell side. There are no shell-side 


baffles (other than eggcrate tube supports), and 
the denser sodium sinks to the bottom. This 
adversely affects the uniformity of the outlet 
steam temperature. The difficulty might be 
avoided by mounting the U shell vertically. 

The Enrico Fermi Atomic Power Plant 
(EFAPP) has three identical steam generators, 
one in each coolant loop. The steam generator, 
schematically shown in Fig. VII-4, is a once- 
through type unit, with the fluids in counter- 
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Fig. VII-4 Steam generator for Enrico Fermi 
Atomic Power Plant.' 


flow. The sodium enters the shell near the top, 
flows downward over the tubes, and leaves the 
shell at the bottom. Each unit has 1200 seam- 
less single-wall tubes that are %/ in. in diame- 
ter and 0.042 in. thick; the tube material is 
2.25% chromium — 1.0% molybdenum alloy steel. 
The tubes are installed in the form of serpen- 
tine involutes, trombone nested in banks of 
eight. The feedwater enters the tubes at the 
top center and flows down the straight tubing 
in the central region of the unit. The water 
then enters the involutes at the bottom, flows 
upward, and leaves as superheated steam. Be- 
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fore operation it was discovered that some of 
the tubes were cracked as a result of stress 
corrosion. The defective tubes were replaced 
and stress relieved. The plant has only re- 
cently started operation, and no operating ex- 
perience has been reported. 

Banks of shell-and-tube heat exchangers com- 
prise the steam generator for the EBR-II (Fig. 
VII-5). Eight identical units arranged in parallel 
form the natural-circulation evaporating sec- 
tion. The saturated steam collects in a steam 
drum and then flows through two superheater 
units. The original design specified four super- 
heater units, which were never completed be- 
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Fig. VII-5 Header detail at top of evaporator for the 
Experimental Breeder Reactor II. 
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cause of a tube-sheet welding problem. As 
a substitute measure two evaporative type units, 
slightly modified, were fabricated for super- 
heater service. The shells are 20 in. in diame- 
ter, 30 ft long, and stand vertically. Sodium, 
on the shell side, enters at the top and leaves 
at the bottom. Water flows in at the bottom, 
and saturated steam flows out at the top. There 
are 73 double-wall tubes (1.438 in. in diameter) 
per shell made from 2.25% chromium and 1.0% 
molybdenum steel. The shell is made of the 
Same material. 


Some of the duplex tubes were metallurgi- 
cally bonded, and some were bonded only me- 
chanically. Figure VII-5 shows the details of 
assembly of the duplex tubes into the tube 
Sheets. The design specification required that 
the weld of the outer tube to the sodium tube 
sheet have a penetration less than the thickness 
of the outer tube; i.e., there was to be no weld 
between the outer tube and inner tube in making 
this joint. This outer-tube weld was successful 
in the evaporator units with tubes having a wall 
thickness of approximately 0.10 in. and an out- 
side diameter of 1.438 in. However, a success- 
ful weld was never achieved in the superheater 
units with smaller, thinner tubes (0.052 in. in 
wall thickness and 0.596 in. in outside diame- 
ter). 


The design of the evaporators and super- 
heaters incorporated fixed tube sheets. Cold 
Springing of the tubes to satisfy the differential 
expansion was accomplished by elongating the 
Shell (probably by thermal expansion) about 
'/, in. during the process of welding the tubes to 
the tube sheets. Upon completion of that proc- 
ess, the shell returned to its original length, 
compressing (or springing) the tubes. No oper- 
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ating experience has yet been accumulated with 
the EBR-Ú steam generators. 

The Hallam Nuclear Power Facility (HNPF) 
has three steam generators, one in each cool- 
ant loop. They feature bayonet type tubes, as 
shown schematically in Fig. VI-6. The outside 
diameter of the bayonet is 1.33 in. Tubes of 
this type are mounted horizontally in two dif- 
ferent shells to form the separate evaporator 
and superheater units of a complete steam gen- 
erator. A review of these steam generators 
was presented in Power Reactor Technology, 
5(3): 46-47. The double-wall-tube material is 
2.25% chromium — 1.0% molybdenum alloy steel 
in the evaporators and 5.0% chromium — 0.5% 
molybdenum alloy steel in the superheaters. 
There is no operating experience reported at 
this time. It is reported! that the double-wall 
construction and leak-monitoring system ap- 
proximately triple the cost of the HNPF steam 
generators. 

Of the six plant-size steam generators dis- 
cussed in the report,' only one features a 
Single-wall separation between the water and 
the liquid metal. The other five generators use 
double-wall construction. Two of these use 
mercury to create a good thermal bond, and 
three depend on mechanical and metallurgical 
bonding to achieve good thermal continuity. 


Gas-Heated Steam 
Generators 


In a gas-cooled nuclear power plant, the 
steam generator is one of the most expensive 
components, and its design has a strong influ- 
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Fig. VII-6 Bayonet tube of the Hallam Nuclear Power Facility steam generator. 
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ence on the overall plant layout. A parameter 
study on steam generators for high-tempera- 
ture gas-cooled reactors has been carried out 
at Oak Ridge National Laboratory and is re- 
ported in Ref. 2. The objective of the study was 
to provide a sound basis for the optimization of 
steam-generator design and for the evaluation 
of the relative merits of major design features. 
The quantitative study was limited to once- 
through designs, inasmuch as it was decided 
that previous design studies had clearly shown 
the advantages of the once-through type for 
high-temperature gas-cooled reactor applica- 
tions. The major parameters of the study were: 


1. Axial-flow and cross-flow arrangements 

2. Coolant gas (helium, carbon dioxide, ni- 
trogen) 

3. Coolant-gas pressure 

4. Coolant-gas temperature 

5. Steam pressure 

6. Steam temperature 

7. Tube diameter 


The report’ presents charts to facilitate the 
design of both axial-flow and cross-flow gener- 
ators. In addition, it lists 10 important design 
implications revealed by the study, which may 
be summarized as follows: 


1. When the gas pressure and the mean tem- 
perature difference are sufficiently high to give 
an average heat flux above 30,000 Btu/(hr)(sq 
ft), the smallest and least expensive steam- 
generator design employs axial gas flow over 
bare tubes. 

2. Conversely, when the gas pressure and 
mean-temperature difference give an average 
heat flux of less than 30,000 Btu/(hr)(sq ft), 
the smallest and least expensive design em- 
ploys cross flow of the gas over finned tubes. 

3. In axial-flow units the best inside tube 
diameter is 0.4 to 0.6 in. In cross-flow units 
there is a tube support problem for tubes 
smaller than 1.0 in. 

4. Croloy tubes should be usable, in suitable 
designs, for gas temperatures up to 1150 to 
1250°F. There is little economic incentive to 
go to higher gas temperatures that would re- 
quire refractory alloys, since the higher mate- 
rial cost would offset the thermal advantage. 

5. For plants designed to produce steam at 
pressures of the order of 2500 psi, the reactor 
inlet gas temperature should be at least 650°F. 

6. Important reductions in size and cost in 
axial-flow units are obtained by increases in 
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gas pressure up to about 500 psi. Above this 
pressure the benefits of further pressure in- 
creases are small. 

7. For axial-flow steam generators, the 
pumping-power-to-heat-removal ratio in the 
generator should be about 0.5% for minimum 
cost. 

8. The extra cost and complication of a re- 
heater is more than justified by the reductions 
in fuel-cycle costs and reactor-system capital 
costs resulting from higher efficiency. 

9. A configuration that offers many practical 
advantages is one using U tubes so arranged 
that the legs straddle an annular baffle. The 
hot gas rises up the center and returns down- 
ward through the outer annulus, in counterflow 
to the steam-water. 

10. Control considerations indicate that the 
hot gas temperature entering the steam gen- 
erator should not be more than 100 to 150°F 
above the superheated-steam outlet tempera- 
ture. 


In summary:’? “The results indicate that the 
least expensive and most promising unit for 
high-temperature high-pressure gas-cooled re- 
actor plants employs axial-gas flow over 0.5- 
in.-diameter bare U-tubes arranged with their 
axes parallel to that of the shell. The proposed 
design is readily adaptable to the installation 
of a reheater and is suited to conventional fabri- 
cation techniques.” 


Liquid-Metal Pumps 


An electromagnetic pump of unique design 
has been fabricated and tested at Atomics In- 
ternational. The pump features a rotating 
magnetic field produced by a mechanically ro- 
tating armature, whereas a conventional elec- 
tromagnetic pump has no moving parts. A 
schematic cross section of the pump is shown 
in Fig. VH-7. The liquid flows in an annulus 
that surrounds the armature, or rotor, and is 
separated from the rotor and the surrounding 
magnetic circuit by stainless-steel walls; the 
rotor thus operates in a normal air environ- 
ment. The rotor is made of laminated steel 
plates and is wound helically with field coils, 
having an appearance similar to the rotor of 
a d-c motor. The rotor windings are energized 
by d-c current, and the rotating field induces 
eddy currents into the liquid metal in the annu- 
lus (part a of Fig. VII-8). The path of the flux 
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Fig. VII-7 Schematic cross section of helical-rotor electromagnetic pump. 


extends radially from the poles through the 
liquid-metal annulus and connects circumfer- 
entially in the outer ring of steel washers 
(part b of Fig. VII-8). The reaction between 
the moving flux field and the induced current 
in the liquid metal produces a force on the 
liquid metal (part c of Fig. VII-8), moving it 
in a helical path, from intake to discharge. 
With the rotor having a helical configuration, 
the report® indicates that guide vanes are not 
essential to direct the flow. The helical-rotor 
electromagnetic pump avoids the necessity for 
a high-current low-voltage power supply that is 
characteristic of d-c electromagnetic pumps of 
conventional types. In addition, it is said to be 
more efficient than conventional electromag- 
netic pumps, because the direction of liquid- 
metal flow is at every point parallel to the 
driving force. Figure VII-9 shows an exploded 
view of a typical pump of the helical-rotor 


type. 


A full-size prototype pump has been de- 
signed, fabricated, and evaluated in a test loop. 
The pump delivers 2200 gal of sodium per min- 
ute (at 600°F), with a pressure rise of 34 psi 
and with an efficiency of 26%. The pump com- 
pleted 1000 hr of testing without loss of per- 
formance. The drive motor is rated at 200 hp 





at 1740 rpm, and the shaft speed is geared 
down to 374 rpm for the magnetic rotor, which 
draws 25 amp of direct current at 175 volts. 

The report? states that the helical-rotor pump 
can be designed for many applications, ranging 
from low flows to over 50,000 gal/min, with 
liquid-metal temperatures up to 2200°F or 
higher. 


Another interesting liquid-metal pump, under 
development for mobile nuclear plants, is re- 
ported in Ref. 4. The application requires high 
pumping efficiency, small size, low weight, and 
high reliability. The pump package consists of 
a shaft-sealed centrifugal pump directly driven 
by an air turbine. The shaft is vertical, with a 
single-stage axial-flow air turbine on top and a 
single-stage unshrouded impeller on the bot- 
tom. The shaft is supported with ball and roller 
bearings that are lubricated and cooled with oil 
under forced feed. An important feature of the 
pump is the dynamic shaft seal, in which a 
liquid-metal-to-inert-gas interface is achieved 
in a high centrifugal force field. 


All the major components have been individ- 
ually evaluated, and a 3000 gal/min pump has 
been fabricated and tested using NaK at tem- 
peratures up to 1300°F. The report‘ states that 
the testing has verified the soundness of the 
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Fig. VII-8 Schematic design of pumping principle. 


design philosophy. The air turbine and pump 
impeller are basically somewhat mismatched 
(i.e., the turbine should operate at a higher 
speed and the impeller at a lower speed); how- 
ever, the simplicity, compactness, and me- 
chanical reliability attained with a single shaft 
are considered more important than the slight 
reduction in maximum efficiency due to the 
mismatch. The dynamic shaft seal proved to 
operate satisfactorily. 


Canned Pump 
for Organic Service 


The development of a canned pump for high- 
temperature organic service (up to 850°F in 
Santowax) was completed in the Experimental 
Organic-Cooled Reactor program (EOCR) be- 
fore the program was terminated. A descrip- 
tion of the pump and its testing program is 
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Fig. VII-9 Exploded view of helical-rotor electro- 
magnetic pump.’ 


reported in Ref. 5. Actually two pumps were 
developed, one having a single pumping stage 
and the other having two stages; otherwise the 
pumps were similar. The design flows were 5 
and 15 gal/min, respectively. The pump has 
one moving part, a rotor-impeller assembly 
completely immersed in Santowax. The pump 
casing is designed to minimize the intermixing 
of the fluid between the pump chamber and the 
rotor cavity; the rotor-cavity fluid is independ- 
ently circulated through a heat exchanger to 
remove the bearing and rotor heat. Although 


the poor lubricating properties of Santowax 
posed a design problem, the fluid bearings 


operated satisfactorily during the testing pe- 
riod. The tests have indicated a tendency for 
gases to build up in the rotor cavity and for 
overheating to result. This problem has been 
solved by the installation of a self-venting sys- 
tem. Life tests of the pumps had been planned, 
but they were not completed because of the ter- 
mination of the EOCR program. 


Butterfly-Valve 
Cavitation Test 


An experimental test program on cavitation 
in a butterfly valve is reported in Ref. 6. Al- 
though critical values for cavitation can be the- 
oretically computed, disagreements were found 
in the existing calculational and experimental 
information, and tests were performed to en- 
sure that the throttling valves (butterfly type) 
in the Pathfinder atomic power plant will al- 


POWER REACTOR TECHNOLOGY 


Vol. 7, No. 1 


ways Operate in the cavitation-free range. The 
Pathfinder is a boiling-water reactor with in- 
tegral superheating. The cooling-moderating 
water for the core is recirculated through 
three loops, each having a constant-speed pump, 
and the amount of recirculation flow is con- 
trolled with a 20.5-in.-diameter butterfly valve 
in each pump discharge line. A similar, but 
smaller (8-in.-diameter), butterfly valve was 
tested. The experimentally determined values 
of the cavitation number were then used to 
determine the cavitation-free control range of 
the reactor system valves. 


Fuel-Handling Equipment 


New equipment for fuel handling has been 
designed, fabricated, and put into service in the 
SRE.’ Although the original fuel-handling ma- 
chine was well proved with more than 1000 
fuel-transfer manipulations, the experience in- 
dicated certain areas of weakness in the design 
which were not only troublesome but which 
could lead to future difficulties. The new fuel- 
handling machine will have the following im- 
provements in characteristics and capabilities: 

1. Ability to handle deformed or damaged 
elements 

2. Improved cask maintenance and decon- 
tamination 

3. Decreased cask leakage 

4. Improved ability to recover from equip- 
ment failure at critical times 

5. Ability to inspect cask contents 

6. Ability to determine the cask grapple load 
weight 
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Power Reactor Technology 


Humboldt Bay and 
Big Rock Point 


By Walter Mitchell III 


In September 1962 the Big Rock Point Nuclear 
Power Plant, owned by Consumers Power Com- 
pany, reached criticality. Five months later 
unit No. 3 (the nuclear unit) of the Humboldt 
Bay Power Plant, owned by the Pacific Gas & 
Electric Company, went into operation. The 
plants, which were designed and built by the 
Same contractors during roughly the same pe- 
riod, provide an unusual opportunity for com- 
parison, since they have equal ratings and 
employ variations of the basic boiling-water 
reactor type. Both plants were built by the 
Bechtel Corporation as prime contractor to the 
owners, and the General Electric Company 
furnished the reactors, turbine-generators, and 
other electrical apparatus. Each installation 
consists of a direct-cycle boiling-water reac- 
tor, a power-extraction system, and associated 
service facilities. The reactors are thermal, 
heterogeneous light-water-cooled and -moder- 
ated units that are fueled by slightly enriched 
UO, clad in stainless steel. In both cases 
bottom-entering control rods are used. The 
most obvious differences in the plants lie in or 
result from the methods of coolant recircula- 
tion and steam separation: the Big Rock Point 
reactor! is aforced-circulation external-steam- 
drum unit that is housed in a conventional, 
spherical steel containment vessel; the Hum- 
boldt Bay reactor is anatural-circulation design 
with internal separation that utilizes the pres- 
sure-suppression containment concept. Both 
plants are designed for an ultimate generating 
capacity that is about half again as great as the 
initial capacity of 50 Mw(e), but the values 
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given in the following tables, figures, and dis- 
cussions pertain to the 50-Mw plants. 


Big Rock Point Humboldt Bay 

Location Charlevoix, Mich. Eureka, Calif. 
Start of construction June 1960 November 1960 
Date critical September 1962 February 1963 
Thermal power, Mw 157 165 
Gross electrical 

output, Mw >50 >50 
Gross thermal 

efficiency, % >31.8 > 30.3 
Net electrical 

output, Mw >47.9 > 48.5 
Net efficiency, % > 30.5 >29.4 
Reactor pressure, psia 1050 1035 
Coolant saturation 

temperature at 

operating pressure, °F 550.6 549 
Turbine pressure, psia 1015 1015 


General Mechanical and Hydraulic 
Characteristics 


A comparison of the sizes and arrangements 
of the reactors and recirculation systems of the 
two plants is given in Fig. VIII-1, which shows 
schematic elevations of the nuclear steam- 
supply systems. The major components are 
drawn to the same scale to give a size com- 
parison between the nuclear steam-supply sys- 
tem of the external separation forced-circula- 
tion reactor and the internal natural-circulation 
reactor. 

The general coolant-flow paths in the two 
reactors and the numbers of major components 
in the coolant systems are indicated in Fig. 
VITI-1. In the Big Rock system, an open bypass 
connection between the suctions of the two re- 
circulating pumps permits some circulation of 
water through the two downcomers connected to 
a pump that is shut down, thus preventing inser- 
tion of cold water into the reactor when the 
pump that has been shut down is started. If 
both pumps are inoperative but free to rotate, 
the elevation of the steam drum provides suf- 
ficient natural-circulation driving head to per- 
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mit operation of the Big Rock Point reactor at 
about 50% load. 

The cores of both reactors consist of vertical 
fuel bundles that are laterally spaced to provide 
vertical slots for the passage of cruciform con- 
trol rods. In the Big Rock Point plant, the fuel 
bundles are unshrouded and fit within flow 
channels that are semipermanent components 
of the core structure. The Humboldt Bay bundles 
have integral shrouds and are held at the top 
and at the bottom by the permanent core sup- 
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port structure. Thus in principle the Big Rock 
Point bundles are placed within already formed 
flow channels, whereas the Humboldt Bay bundles 
form their own channels. Figure VIII-2 gives 
horizontal cross sections of the reactor pres- 
sure vessels and illustrates the arrangement 
of the major components of the cores. 

Each core flow channel in the Big Rock 
Point reactor is attached to the top of a sup- 
port tube. The channel-and-support-tube as- 
semblies, which by virtue of their lateral 


Main Steam Line (1) 
576,000 lb/hr 


t 
I Steam Dryer 
poe ie e 
a í“ ç R LA | 
í. ) Reactor Vessel 


Ë 120°L.D. x 42 ‘Ig. 
1 1035 psia | | 
— 


_, Downcomer Region 


Feedwater Inlet (1) 
27 35°F 


Feedwater Sparger 





i 
i ' f- 

Mixture Outlet |)f, 1!) Thermal Shield ] | chimney 
Nozzle (6) +i} ; ON | | 

I! | „si Active Core Š N | ` Core Shroud 

M; Ht Flow Rate =1l.8xIO° lb/hr ae R 

gi NA `. L. Pp A ! C 

+ Se — N eroro N ' \ctive Core 

i į , y H r 1 — 
a H | POS Il psi (Incl. Orifices) N ane Na ` Flow Rate =11.25x!0° Ib/nr 
(4) p =- N INVA 
NZ = Support Tubes “SBS ) Z Support Structure 
Control Rod ‘Control Rod 
| Drives | Drives 


| 


HUMBOLDT BAY 


Fig. VIII-1 Schematic elevations of nuclear steam supply systems. 
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Fig. VIII-2 Horizontal cross sections through reactor vessels. 
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spacing provide guidance for the control rods, 
are positioned by a core support at the bottom 
and by a guide assembly at the top. The core 
Support is a circular plate that rests on brack- 
ets in the reactor vessel near its bottom. The 
brackets position the core support plate rela- 
tive to the control-rod-drive penetrations in the 
vessel bottom head. Support-tube . adapters, 
which align the bases of the channel-and-sup- 
port-tube assemblies with the control-rod pene- 
trations, are bolted to the support plate. Coolant 
for each fuel channel enters the bottom of the 
support tube, which is held clear of the support 
plate by the adapter. The upper ends of the 
channel-and-support-tube assemblies are radi- 
ally supported and are aligned by a top guide 
assembly that is attached to a thermal shield. 
The top guide assembly consists of a grid of 
movable beams that serve as hold-downs for 
the channel-and-support-tube assemblies but 
which permit removal of the assemblies through 
the top of the vessel. The annular steel thermal 
shield supports the guide assembly and is itself 
Supported by brackets attached to the reactor 
vessel wall. The baffle plate above the outlet 
nozzles of the reactor vessel is segmented. The 
segments can be unlocked and swung upward to 
allow access to the core from the vessel head 
nozzles. 

At their bottoms the fuel bundles of the Hum- 
boldt Bay reactor plug into a core plate that is 
held by the core shroud. The shroud itself is 
atop a support structure that is attached to the 
reactor vessel bottom head. The support struc- 
ture is perforated and permits recirculation 


Design pressure, psia 

Design temperature, °F 

Approximate initial 
nil ductility transition 
temperature, °F 

Safety valves, number 

and location 

Steam drum 

Length, ft 

Inside diameter, in. 

Wall thickness, excluding 
cladding, in. 

Mate rial 

Cladding thickness, 
minimum, in. 

Cladding material 


1715 
650 


10 


6, on steam drum 


40 
78 


4%, 
Carbon steel 


Ay 
S.S. 


Big Rock Point Humboldt Bay 
Reactor vessel 

Height, ft 30 42 
Inside diameter, in. 106 120 
Wall thickness, excluding 

cladding, in. 5 4°, 
Material Carbon steel Carbon steel 
Cladding thickness, 

minimum, in. ye Vi 
Cladding material S.S. S.S. 


1265 
650 


10 


4, on vessel head 
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flow from the downcomer region to enter the 
central part of the vessel, where flow is re- 
versed and the coolant enters the bottom of the 
active core region. Cruciform guide tubes for 
the control rods extend from the nozzles in the 
vessel bottom head to the core plate and furnish 
additional support. At its top the core shroud 
Supports and positions the chimney structure, 
which provides radial positioning for the top 
ends of the fuel bundles. The ring type feed- 
water sparger located near the top of the chim- 
ney structure is supported by brackets attached 
to the vessel wall. 


Core Details 


The basic fuel units in both reactors are rod 
type elements, made up of stainless-steel tubes 
containing stacks of cylindrical UO, pellets. 
Figure VIII-3 shows a cross section of atypical 
rod-moderator cell for each reactor and gives 
dimensions and moderator-to-fuel ratios of the 
cells. Most of the fuel rods in both reactors 
are of full core length. Pellets of UO, are placed 
in the jacket tube in an uninterrupted stack, and 
a plenum is provided at the top of the stack to 
accommodate expansion and released fission 
gases. A coil spring and wafer in each plenum 
keep the stack of UO, pellets inthe proper posi- 
tion, and welded plugs are used to seal the fuel 
rods at each end. 

The fuel rods are arranged in a square array 
to form the fuel bundles shown in Fig. VII-4. 
The rods are positioned at the top and at the 
bottom by fittings that form the handles and 
bases of the bundles, and wire spacers provide 
radial spacing at three axial locations in each 
bundle. The spacers, each of which consists of 
a double layer of crimped wire grids anda sur- 
rounding band, are positioned axially by special, 
segmented fuel rods that fit through sleeves in 
the spacers. The Big Rock Point bundle has four 
of these segmented rods, one at each corner, 
whereas the Humboldt Bay bundle uses a single 
segmented rod at its center. Construction of the 
segmented rods is similar to that of the full- 
length rods but with correspondingly shorter 
fuel and plenum lengths. The Big Rock Point 
bundle is held together axially by 32 fuel rods 
with special, threaded end plugs which screw 
into the base of the bundle and which are at- 
tached to the bundle handle with safety-wired 
nuts. In the Humboldt Bay bundle, eight rods 
are used in a similar manner, and the integral 
flow shroud adds stiffness to_the assembly. In 


74 POWER REACTOR TECHNOLOGY Vol. 7, No. | 














both bundles the rods not used for axial re- but fits into a fixed flow channel in the reactor 
straint have unthreaded end plugs that slide into core, is equipped with pad type external spacers 
holes in the top and bottom fittings. Springs are on each of the three axial spacer assemblies. 
installed between all rods and the top fitting to Each Big Rock Point bundle has 12 special fuel 
accommodate thermal expansion. The Big Rock rods, three in each corner of the bundle, which 
Point bundle, which has no integral flow liner are smaller in diameter and have thicker jackets 
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than the standard rods, to reduce the power 
peaking caused by the water in the control-rod 
channel (see Fig. VIII-5). These 12 special rods 
include the four segmented rods used to sup- 
port the wire-spacer assemblies. Their dimen- 
sions are shown in Fig. VIII-5, which is a hori- 
zontal section through a typical portion of the 
core. 
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The control rods for both reactors are made 
up of poison tubes containing borén carbide 
which are assembled into a cruciform struc- 
ture by a surrounding steel sheath, as indicated 
in Fig. VIII-5. These control elements are simi- 
lar to those in the Dresden reactor which were 
described in Power Reactor Technology, 5(3): 
34. The control rods are guided onthe four core 
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Fig. VII-5 Horizontal cross sections through typical core regions. 


The geometrical relations between the major 
components of the cores of the two reactorsare 
illustrated by Fig. VIII-5. The components in- 
clude the groups of fuel rods, as provided by 
the fuel bundles; the flow channels, which are 
defined by the integral fuel-bundle shrouds in 
the Humboldt Bay core and by the preinstalled 
flow channels in Big Rock Point; the control- 
rod passages, formed by the radial spacing of 
the fuel-element or flow-channel assemblies; 
and the control rods themselves. In the Big 
Rock Point core, the flow channels may be 
either stainless steel or Zircaloy, depending 
on the core loading and the shutdown control 
requirements. The thicknesses of the channels 
of both materials are shown in Fig. VHI-5. 


channels that they contact by stellite rollers at 
the top and bottom of each blade. Heat generated 
in the poison rods is removed by coolant that 
flows through holes in the sheaths and by con- 
tact heat transfer from the rods to the sheaths. 

In addition to the regular, bottom-driven con- 
trol rods shown in Fig. VII-5, the Humboldt 
Bay reactor can be equipped with a system of 
peripheral control rods. These cruciform rods 
enter the core from the top and are provided 
to assure that an adequate cold shutdown margin 
is available even if any one of the central, 
bottom-driven control rods sticks in the with- 
drawn position. It was found that the peripheral 
control rods were not needed with the first core 
of the Humboldt Bay reactor. Consequently rods 
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and drives were removed from the vessel prior 
to power operation. 

Both reactors are provided with liquid-poison 
injection systems that provide a backup means 
of shutting the reactor down and holding it sub- 
critical in the event that the control rods are 
not able to do so. Bothsystems, whichare pres- 
surized by bottled nitrogen gas, utilize sodium 
pentaborate solutions. 

As mentioned above, either stainless-steel or 
Zircaloy flow channels can be used in the core 
structure of the Big Rock Point reactor. It is 
intended that the stainless-steel channels be 
used during initial operation of the reactor to 
reduce the excess reactivity that will exist prior 
to the establishment of an equilibrium program 
of partial-core refueling. The initial core of the 
Humboldt Bay reactor will contain up to 96 poi- 
son curtains which are made of borated stainless 
steel and which are hung from the top grid in 
such a way that they surround groups of four 
fuel assemblies. The curtains will be removed 
during the life of the first core to maintain 
reactivity. 


Big Rock Point Humboldt Bay 
Fuel and core 
Fue] material UO; UO, 
Initial enrichment, Z U2** 3.2 2.6 
Weight of UO, in core, lb 19,300 34,600 
Average fuel exposure, 
first core load, 
Mwd/ton of U 10,000 10,000 
Equivalent core 
diameter, in. 62.5 77.5 
Active core height, in. 70 79 
Fuel- rod array in bundle 12 by 12 square 7 by 7 square 
Number of bundles 
in core 56 172 
Reactivity requirements 
Temperature, Akut 0.025 0.015 
Voids, A&,,, 0,019 0.021 
Xenon and samarium, 
Aks 0.031 0.031 
Fuel depletion and 
maneuvering, Ak, ir 0.127 0.133 
Initial reactivity 
requirement, ôk 1.202 1.200 
Control elements 
Number of central 
control rods 32 32 
Number of peripheral 
control rods 8 
Shape of peripheral 
control rods Cruciform 
Control- rod poison 
material B,C B,C 
Number of poison 
curtains (maximum) 96 
Shape of poison curtains Plate 


Poison-curtain material Boruated S.S, 


Single control rod, 


maximum worth, Ak/k u.042 0.038 
Liquid poison 
Material Sodium pentaborate solution 
Volume, gal R50 $65 
Worth, Sk Ë 0.25 0.20 
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Heat Removal 


In view of the differences in the basic modes 
of operation of the reactor plants, their heat- 
removal and steam-generation characteristics 
are of particular interest. A comparison of the 
principal thermal characteristics of the two 
systems is given in the following table. 


Big Rock Point Humboldt Bay 


Average power density, 


kw/liter 45 27 
Peaking factors 

Gross 1,94 2.62 

Local 1.65 1.38 

Overpower 1.27 1.25 

Maximum at overpower 4.07 4.53 


Linear power density, 
kw /ft of fuel rod 


Average 3.34 2.97 
Maximum 10.5 10.8 
Maximum at overpower 13.3 13.5 


Fuel-jacket heat flux, 
Btu/(hr)(sq ft) 


Average 110,000 80,600 

Maximum 352,000 292,100 

Maximum at overpower 447,000 365,100 
Burnout ratio, minimum 

at overpower 1.5 2.0 
Coolant fiow rate through 

core, 10° lb/hr 11.8 11.25 
Core inlet subcooling, 

Btu/Ib 14.0 12.1 
Core inlet velocity, ft/sec 

Maximum 6.3 4.56 

Minimum 5.1 4.37 
Steam volume fraction 

Average core exit 0.41 0.48 

Maximum channel exit 0.57 0.64 

Average over core 

Jength 0.21 0.20 

Average steum quality, 

core exit, & 4.9 6.3 
Steam quality entering 

drum, 4 3.2 
Average steam surface 

separation velocity, 

ft/sec 0.90 
Average downcomer 

velocity, ft/sec 1.73 


Effects of Circulation Mode 
on Reactor Design 


The difference in performances that are 
achievable with natural and forced circulation 
is most clearly apparent in the comparison of 
core power densities in the preceding tabula- 
tion, where the power density in the Big Rock 
core is shown to be 1.67 times that in the Hum- 
boldt Bay core. Since the inlet subcooling is 
nearly the same in both cases and since the 
steam-void fractions do not differ greatly, the 
improvement in power density in the Big Rock 
reactor can be regarded rather directly as the 
benefit received from forced circulation — at 
least to a first approximation. That is to say, 
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both reactors use about the same total coolant 
flow rate (see table), but to achieve this total, 
the natural-circulation core must provide a 
larger cross-sectional area for coolant flow. 
The actual situation is not quite as simple as 
that, since the Humboldt Bay core is some 13% 
longer than that at Big Rock Point, and the de- 
sign relations that involve core length as a 
variable are not simple ones. 

The fuel arrangement and design must, of 
course, be compatible with the heat-transport 
capabilities of the coolant system. Apparently 
the fuel centerline temperature is the limiting 
consideration in heat removal from the fuel 
elements in both cores. For ceramic fuel ele- 
ments of a given basic design this consideration 
sets, to a good first approximation, the maxi- 
mum power that can be extracted from a unit 
length of fuel element. The preceding table 
shows that the maximum power generation per 
foot of fuel element is very nearly the same for 
the two cores. If one considers, for simplicity, 
that the designer has fixed the coolant-flow area 
in a way that is characteristic for the type of 
recirculation (natural or forced) to be used, 
then he has left the interdependent design varia- 
bles of fuel-rod diameter and moderator-to-fuel 
ratio to vary in order to match the required 
total length of fuel rod with the required coolant- 
flow area. Either one of these may be chosen 
freely but not both. In the cases considered 
here, the designers have chosen very nearly the 
same moderator-to-fuel ratio for the two cores 
(see Fig. VIII-5). This choice strongly involves 
the interrelated reactor physics characteristics 
of steam-void coefficient of reactivity, tempera- 
ture defect, and fuel enrichment. Once a mod- 
erator-to-fuel ratio has been chosen, there is 
no longer any room for variation of fuel-rod 
diameter. In the cases considered here, where 
the moderator-to-fuel ratios are nearly equal, 
it is clear that the fuel-rod diameter must be 
smaller in the Big Rock core if advantage is to 
be taken of the higher coolant-flow velocity 
provided by the forced-circulation system. 

In the forced-circulation case the coolant- 
flow velocity is a design parameter that the de- 
signer may vary at will for design optimization. 
Presumably the power density in a core like 
that of Big Rock Point could be increased still 
further by increasing the coolant-flow velocity 
along with other design modifications. If the 
linear. power-generation limit for the fuel ele- 
ments is considered fixed, one might increase 
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the power density by moving the fuel rods closer 
together and increasing the coolant-flow ve- 
locity. This would decrease the moderator-to- 
fuel ratio and increase the steam-void coefficient 
of reactivity, the temperature defect, and the 
fuel-enrichment requirement. Or one might hold 
the moderator-to-fuel ratio constant, decrease 
the fuel-rod diameter, and increase the coolant 
flow. The major considerations in such a de- 
Sign variation would be the increase in fuel- 
fabrication cost (per kilowatt-hour), the in- 
creased neutron absorption in the fuel jackets 
(unless they were made proportionately thinner), 
and possibly the fuel-rod support problems. 


Naturally the attractive way of increasing the 
power density in the forced-circulation case is 
to employ increased coolant flow (if necessary) 
in conjunction with fuel elements of the same 
size but higher power rating. Work toward the 
development of fuel elements of higher capability 
for the Big Rock Point reactor is reviewed in 
Sec. III of this issue of Power Reactor Tech- 
nology. 


Although high power density in the core has 
some advantages per se, the more important 
consideration is perhaps the size of the reactor 
vessel required for a given power generation. 
Here the external steam separation employed in 
the Big Rock Point plant would be expected to 
show an additional difference because considera- 
tions of recirculation flow do not determine the 
amount of space that must be left between the 
reactor core and the pressure-vessel wall. The 
consideration of fast-neutron shielding for the 
vessel wall does, of course, remain and is quite 
Significant in determining the pressure-vessel 
diameter. 


The comparison of reactor cross sections in 
Fig. VIII-5 does not show any important dif- 
ference in the thickness of annulus between core 
and vessel. The reason for this is not apparent, 
but, in this case of relatively new, relatively 
small reactors, a number of possibilities could 
be visualized having little fundamental signifi- 
cance. It is in reactors of dimensions that begin 
to push the limits of pressure-vessel size that 
large incentives for high effective power density 
may develop. Now it is perhaps more to the 
point to examine the details of the recirculation 
phenomena in the natural-circulation circuit of 
the Humboldt Bay reactor. 


The average velocity in the downcomer of the 
Humboldt Bay reactor is given’ as 1.73 ft/sec. 
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One would judge, from quoted dimensions and 
flow rates, that this downcomer velocity occurs 
in the annular area around the chimney, and 
that the term “average” indicates an average 
over the flow area at that level. In the regions 
below the feedwater inlet sparger and opposite 
the active core region, where the core shroud 
forms the inner boundary of the downcomer, 
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tion for the downcomer-to-riser quality ratio 
was no higher than 0.28. 

The different coolant-recirculation ap- 
proaches at Big Rock Point and Humboldt Bay 
give rise to certain incidental features of reac- 
tor design which are worth notice in passing. 

Since the forced-circulation scheme of the 
Big Rock Point reactor permits the core to have 
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Fig. VII-6 Plant cross sections. 


the flow area is decreased, and the average ve- 
locity must be considerably higher. The velocity 
near the top of the chimney has, of course, the 
greatest interest because it is in that region that 
the effects of velocity on gravitational separation 
determine the amount of carry-under in the re- 
circulation flow. Apparently the degree of carry- 
under experienced is much less than that found 
in the small-scale steam separation tests at 
Argonne National Laboratory, which have been 
reported in Ref. 3 [reviewed in Power Reactor 
Technology, 6(2): 69-74]. In those tests the ratio 
of steam quality in the downcomer to that in the 
riser was found to be about 0.7 at 1000 psi for 
a downcomer velocity of 1.73 ft/sec. The suc- 
cessful operation of the Humboldt Bay plant 
can be taken as evidence that the actual ratio is 
not nearly that high. Estimates based on the data 
given in Ref. 2 indicate that the design expecta- 


a relatively high pressure drop, each flow chan- 
nel in the core is provided with an orifice at 
its bottom. Although the orifices could be used 
to match the flow distribution to the radial 
power distribution, they are installed primarily 
to increase the single-phase pressure drop of 
the core. The effect of the increased single- 
phase pressure drop is to make individual 
channel flow less dependent on power, thus im- 
proving the burnout ratio and parallel channel 
Stability. The pressure drop across the orifice 
is equal to slightly more than one-third of the 
pressure drop across the remainder of the core 
channel. 

The lifting forces imparted to the fuel bundles 
by the upward-flowing coolant are small enough 
in both reactors that no positive fuel hold-down 
mechanism is required. In the Big Rock Point 
reactor, whose fuel bundles fit in semipermanent 
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flow channels of the reactor core structure, no 
bundle hold-down is used. In the Humboldt Bay 
core, where the control-rod channels are formed 
by the integral shrouds of surrounding fuel bun- 
dles, hold-down latches are provided for those 
fuel bundles which adjoin bottom-driven control 
rods. Consequently, if a control rod jams 
against a fuel bundle, the bundle cannot be 
lifted from the core as insertion of the rod is 
attempted. 

One of the differences in the plants is the 
accessibility of the core for shutdown opera- 
tions such as refueling. In Big Rock Point, 
ports in the vessel top head provide access to 
the core, although the normal refueling proce- 
dures include removal of the head. The steam 
dryer in the Humboldt Bay reactor has a re- 
movable center section, which permits access 
to the vessel internals without the necessity of 
removing the head. 


Plant Arrangement and Containment 


The basic differences in coolant schemes in 
the two reactors lead to striking differences in 
plant arrangement and containment design, for 
the external steam drum approach used at 
Big Rock Point would not fit gracefully into 
the pressure-suppression concept employed at 
Humboldt Bay. The differences are illustrated 
in Fig. VIH-6, which gives simplified vertical 
cross sections of the two plants to the same 
scale. In addition to showing the inherent dif- 
ferences in appearance of the forced-circulation 
plant and the internal natural-circulation plant, 
the drawing illustrates the conventional contain- 
ment scheme employed in the Big Rock Point 
plant and the pressure-suppression contain- 
ment utilized for Humboldt Bay. 

The Big Rock Point containment vessel was 
designed and constructed in accordance with 
the ASME Boiler and Pressure Vessel Code, 
Secs. II, VIII, and IX, as modified by applica- 
ble nuclear code cases. The vessel is typical of 
the conventional type, except that its exposed 
exterior surface is insulated with a cork mastic 
coating protected by acrylic resin. The insula- 
tion prevents excessive temperatures inside the 
vessel that are caused by solar radiation, re- 
duces heat loss in winter, provides atmospheric 
corrosion protection, and reduces inside surface 
condensation. The application of the pressure- 
suppression concept to the Humboldt Bay reac- 
tor was described in Power Reactor Technology, 
6(3): 27, and will not be discussed further. 
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Big Rock Point 


Diameter of containment sphere, ft 130 
Height above grade, ft 103 
Approximate free volume, cu ft 940 000 
Design pressure, psia 41.7 
Design maximum temperature, °F 235 
Maximum leakage rate at design pressure, 

y /day 0.5 
Number of access air locks 3 
Total number of penetrations 100 
Diameter of nozzle penetrations, in. 

Maximum 24 

Minimum 0.75 

Humboldt Bay 
Dry well 

Vessel inside diameter, ft 17.5 

Vessel overall height, ft 68 

Design pressure, psia 86.7 

Maximum leakage rate at design pressure, 

4 /day 0.1 


Suppression chamber and pool 


Chamber total volume, cu ft 54,300 
Air space volume, cu ft 33,400 
Water volume, cu ft 20,900 
Vent pipe submergence, ft of water 6 
Water temperature, °F 80 
Air space internal pressure rating, psia 24.7 
Internal pressure capability of concrete 

structure, psia 39.5 
Maximum leakage rate at 24.7 pria, % of 

free-air volume per day 1.0 

Refueling building 

Volume, cu ft 192 ,000 
Minimum exterior wall thickness, in. 12 
Maximum inleakage rate at a negative 

pressure of '/ in. water, cfm 134 


Turbine-Generator, Condensate, 
and Feedwater Systems 


The power system for each plant includes 
those components which convert steam into elec- 
tric power and which provide feedwater for the 
reactor. The major components of the systems 
are shown on Fig. VII-7, which presents sim- 
plified flow diagrams for each plant. Each sys- 
tem utilizes a tandem-compound double-flow 


Turbines 
Speed, rpm 
Rating, kw 
Inlet pressure, psia 
Exhaust pressure, in. Hg abs. 


Generators 
Rating, kva 
Voltage 
Power factor 
Short-circuit ratio 
Hydrogen preasure, psia 


Main condensers 
Condensing surface area, sq ft 
Condensing capacity during load 
rejection, lb/hr 
Hot well capacity, gal 


Condensate demineralizers 
Number 
Size, each 
Maximum flow rate, gal /(min) 
(sq ft) 


Big Rock Point 


3600 
54,500 
1015 
3.5 


70,588 
13,800 
0.85 
0.80 
45 


27,500 


948,000 
6000 


3 
Halí capacity 


50 


Humboldt Bay 


3600 
50,000 
1015 
3.5 


70,588 
13,800 
0.85 
0.70 
45 


30,700 


810,000 
6500 


3 
Half capacity 


50 
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saturated-steam turbine, which is connected 
directly to a hydrogen-cooled generator. Each 
turbine is equipped with external moisture 
separators in the crossover between the high- 
pressure and low-pressure sections, and three 
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extraction points are provided. At its initial 
power rating, the Humboldt Bay system uses 
only two extractions: the third point can be used 
with a high-pressure feedwater heater to in- 
crease efficiency. The main condenser in each 
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Fig. VIII-7 Simplified flow diagrams. 
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system is a horizontal, single-pass divided- 
water-box deaerating type unit of conventional 
construction. The condensers can accept bypass 
steam at reduced pressure, and they have over- 
size, baffled, storage type hot wells that provide 
a holdup time for the decay oí short-lived 
radioactivity in the condensate. The air- and 
gas-removal equipment of the condensers dis- 
charges to the main exhaust stacks through 
oversize pipes that provide en route holduptime 
for further decay of radioactivity. Full-flow ion 
exchangers are located in the condensate sys- 
tem of each plant. 


Control and Instrumentation 


The mode of control for the plants is one in 
which the turbine follows the reactor output 
rather than system load changes. The basic 
control device for the turbine is an initial pres- 
sure regulator, and during normal operation the 
turbine admission valves are controlled by this 
regulator. The steam bypass valve is normally 
closed, and so all reactor steam flow is passed 
through the turbine. The occurrence of abnormal 
conditions, such as turbine trip, results in the 
opening of the bypass valve and the dumping of 
steam directly to the condenser. If a sudden 
loss of electrical load results in turbine over- 
speed, a speed-governor signal overrides the 
initial pressure-regulator signal. The governor 
Signal initiates sufficient closure of the turbine 
admission valves to obtain acceptable turbine 
speed, but this admission-valve closure causes 
the reactor pressure and reactivity to rise. The 
increase in reactor pressure generates another 
Signal, which opeus the turbine bypass valve and 
dumps steam to the condenser, thereby lowering 
reactor pressure. 


The reactor operator adjusts reactor power 
level by manual operation of the bottom-driven 
control rods. Each rod is provided with its own 
hydraulically operated drive mechanism that is 
mounted vertically in a thimble welded to one 
of the reactor bottom head nozzles. The basic 
concept of the drive mechanism is one in which 
a double-acting piston and a drive shaft are 
attached to each cruciform control element. 
Differential pressures across the piston are 
used to drive the rod into or out of the core, 
and a ratchet type locking device is used to 
hold the drive (and rod) at set positions when 
driving pressures have been removed. The 
ratchet does not interfere with insertion of the 
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control rod into the core but must be unlatched 
in order to withdraw the rod. Maximum with- 
drawal rate of a rod is 3 in./sec, and speed of 
movement is controlled by a flow-metering de- 
vice in the hydraulic circuit. Signals indicating 
control-rod positions are initiated by indicator 
mechanisms housed within the drive sections 
of the rods. A mechanism consists of a series 
of fixed, magnetically operated switches, each 
of which indicates a discrete rod position, anda 
permanent magnet which is carried on the rod- 
drive piston and which actuates the switches. 

A vertical cross section of a control-rod- 
drive mechanism of the Big Rock Point reactor 
is given in Fig. VIII-8. The mechanism is rep- 
resentative of the assembly used in Humboldt 
Bay as well as Big Rock Point, and both drives 
are modified versions of a design originally 
developed for the Dresden reactor. High- 
pressure water, which is the actuating fluid for 
the hydraulic drive unit, is introduced at one of 
two inlet ports of the mechanism, depending on 
the desired direction of movement of the con- 
trol rod. Internal passages in the unit direct the 
actuating fluid to either the top or the bottom 
of the piston, resulting in an unbalanced force 
that causes the piston to move. 

The components of the ratchet type locking 
device are shown near the top of the mecha- 
nism in Fig. VIII-8. A collet assembly, which 
consists of a piston and locking fingers, is 
Spring and gravity loaded to remain in the down 
position as shown on the drawing. In this posi- 
tion, the collet fingers engage ratchet notches 
in the drive piston and lock the control rod in 
place, thereby permitting the hydraulic driving 
pressures to be removed from the drive mecha- 
nism. If scram or normal insertion of the rod 
is desired, admission of hydraulic fluid to the 
up inlet will accomplish the desired movement 
without interference from the collet assembly. 
However, inadvertent opening of the valve inthe 
down hydraulic line cannot cause rod movement 
out of the core. To withdraw the rod from the 
core, a momentary up pressure must be ap- 
plied to the mechanism; this up pressure causes 
the collet fingers to move outward and to un- 
latch as the rod begins to move upward. The 
admission of down fluid to the unit then places 
a downward-acting force on the drive piston and 
an upward-acting force on the collet assembly. 
Consequently the collet assembly moves up, 
causing the collet fingers to be held clear of 
the ratchet notches of the piston rod, thereby 
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reenter the locking notches on the piston rod. 


permitting the drive piston to move down. When 


Pressure within the control-rod drives is such 
that approximately 30 psi differential above 


the control rod has moved down to the desired 
position, the control valve of the down hydraulic 
fluid line is closed, and the drive mechanism is 
isolated from the control pressure. With the 
pressure removed the collet assembly returns 
to its normal position, and the collet fingers 


reactor pressure is applied to the bottom of the 
pistons. This is not enough pressure to force 
the control rods into the core, but it does pro- 


vide leakage past the drive seals for cooling. 


Coupling Spud 


Piston Rod 





Reactor Water 





OYY 
rx 
Stee 


Q 
ore 
ste. . 
S 0 
een 
2 ote 





D 


Thimble 


x 3 3 > 2 


NY 
SAS SASSY 


Collet Finger 





Collet Piston 





LLLLPELLLLLLLLLLLLLLN, 
SSS 


Se 


oroz OCLC E TE 


=e 









p Fluid Inlet 


N 


SX ONS 
wees <. rt SOT bs 


KREITO PEX DOU 





KPSS OID Ox KK Ad e's" + x Ox OLS 


eee 


2 -An Te 
we eee ere ey 


OM Koy 


4 





Spring 


A = Meee 
OOO aN 


SSN 


OOK 





"Down Fluid Inlet 


re ee 2450 ESS 






















IAA) 





astern totes 











Z 


T 


















Shuttle Volve 





2,022. 


CCC Y SCWV NSCNY SY pas * SO mK etes, Ra 


SS SS NN 





OQ PS) 


Outer Cylinder 








tenes aioe ASIS 05d 


Piston Ring 


SSAA ASA SSSA SASS 


Wess N SSS SSA SRR 








“var ava 





Ss 





TERI X 


a DOOr Ca 2 S X 22. oon Rx“ OD POS 
SSS SSS SSS 


pa SS En NA T e 





ER eS su s PEN x 


0004220 2424 240002 


LU 


CESS SSYSS NOSSO SS 
a x" 9,9, 8 0 @"e"0"4" 4X BOOS 


AWN 





A 








ADMSLAARSAASILSSASS 


Position Indicator 
Thimble 





Drive 


Inner Cylinder 





Fig. VII-8 Control-rod-drive mechanism, Big Rock Point reactor. 
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In each plant the reactor neutron-monitor 
system consists of two separate sets of detec- 
tors: the out-of-core monitors, which provide 
the operators with immediate indications of 
neutron level within the reactor from startup 
to full power and which are connected to the 
reactor safety system, and the in-core moni- 
tors, which are used to determine the neutron- 
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that were shown in Power Reactor Technology, 
5(2): 66-67. 

The in-core flux-monitor system uses minia- 
ture fission chambers as detectors and deter- 
mines neutron flux in eight radial positions of 
the core. Detectors are located at three eleva- 
tions in each radial position, so that a total of 
24 in-core measurements can be taken. The 
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Fig. VIII-9 Out-of-core nuclear instrumentation diagram, Big Rock Point reactor. 


flux distribution in the core and periodically to 
provide data for verification of analytical pre- 
dictions and major rod programming. The out- 
of-core monitors cover a range of nine decades 
by use of three subsystems that cover the start- 
up range, the period or intermediate range, and 
the power range. A block diagram of the out-of- 
core nuclear instrumentation of the Big Rock 
Point reactor, shown in Fig. VIII-9, illustrates 
the major features of the system provided for 
each plant. Although the Humboldt Bay system 
differs slightly from that of Big Rock Point, the 
principal components and interrelations between 
the channels are the same. Both systems in- 
corporate revisions to earlier system drawings 


three detectors for each radial core position 
are fabricated into a single assembly that is 
inserted into the core from the top. Calibration 
wires are inserted through nozzles located in 
the bottom head of the reactor pressure vessel. 


Radioactive Waste Disposal 


The principal sources of gaseous radioactivity 
are the off-gases from the main condenser air 
ejectors, the gland seal condenser, and the 
mechanical vacuum pumps. The air-ejector 
gases, which are carried to the plant stack 
through a holdup line to provide decay time, 
are passed through a high-efficiency filter 
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prior to entering the stack. Gases from the 
gland seal condenser and the mechanical vacuum 
pumps flow through a separate holdup pipe, 
which provides a shorter holdup period, and are 
discharged to the stack. Before release from 
the stack, the process gases are mixed with 
ventilating air, giving a significant dilution of 
the airborne radioactivity. 

The limits on the annual average rates of 
release of fission and activation gases from the 
stacks of Big Rock Point and Humboldt Bay, as 
given in the Technical Specifications,‘ are 
tabulated below: 


Big Rock Humboldt 
Point Bay 

Holdup time for air-ejector gases, 

min 30 18 
Holdup time for gland-seal condenser 

and vacuum-pump gases, sec 90 50 
Minimum air flow in stack, cfm 30 ,000 12,000 
Stack height, ft 240 250 
Maximum permissible stack release 

rate 

Annual average, curies/sec 1.0 0.05 

Instantuneous, curies/sec 10 0.5 
Maximum permissible annual 

average stack release rate, 

expressed in units of uc/sec, does 

not exceed the permissible air 

concentrations for unrestricted 

areas, a8 given in 10C FR20, 

multiplied by 1.2 x 10" 6 x 105 

cm?/sec cm?/sec 


Relatively low values of stack release rate for 
fission and activation gases are specified for 
Humboldt Bay because of uncertainties in the 
meteorology of the local coast area. The rates 
will be increased by a factor of 5 if meteoro- 
logical tests confirm that the increase is rea- 
sonable. 

The general procedures followed in liquid 
waste disposal are collection, dilution, and dis- 
charge, or storage following concentration by 
evaporation. Effluent from the liquid radioac- 
tive waste system is released under batch con- 
trol, and storage tanks are provided for re- 
treatment of effluent if required prior to 
discharge. The effluent is pumped to the circu- 
lating-water discharge duct, so that a large 
volume of nonradioactive water is available for 
use aS a diluent. 
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Big Rock Point Humboldt Bay 


Minimum waste treatment Filtration Filtration 
Waste-filter capacity, 

maximum, gal/min 50 50 
Nonradiouctive water available 

for diluting waste effluent, 

full power, gal/min 50,000 104,000 
Maximum waste inventory in 

system, curies 5000 10,000 


Solid wastes include spent demineralizer 
resins, contaminated tools, equipment, and 
clothes, used filters, and used process equip- 
ment such as control rods or core components. 


Demineralizer resins are normally sluiced to 


a storage tank that is sufficiently large to re- 
ceive wastes for approximately five years. 
Other solid wastes are stored in an underground 
concrete burial vault. Room is available for 
additional storage tanks or burial vaults, and, 


when the current facilities are full, additional 


storage space will be constructed or a licensed 


contractor will be called in to remove the ac- 


cumulated solid waste material. 


Big Rock Point Humboldt Bay 
Resin storage-tank capacity, 
gal 10,000 10,000 
Maximum waste inventory, 
curies 40,000 50,000 
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IX Specific Reactor Types 


Power Reactor Technology 


Heavy-Water Reactors 


By J. R. Dietrich 


The last comprehensive review of heavy-water 
reactors in Power Reactor Technology was in 
4(2): 62-77. Among the points discussed in that 
review were the following: 


1. To the extent that there is a concern about 
the possible depletion of nuclear fuel resources, 
this concern constitutes an incentive for the 
development of heavy-water-moderated reac- 
tors of high neutron economy. 

2. The power cost estimates arrived at in 
studies of heavy-water-moderated reactors have 
tended to be higher than those estimated for the 
light-water reactors. The higher estimates re- 
sult from the costs directly attributable to 
heavy water—heavy-water inventory charges 
and losses— and often from higher capital cost 
estimates, The estimated fuel costs are, ingen- 
eral, considerably below those for the H,O re- 
actors and are less dependent onuranium costs, 
plutonium buy-back prices, and fuel-processing 
costs. 

3. It is generally recognized that the differ- 
ence in economic environment for nuclear 
power generation which exists between the 
United States and Canada is responsible to a 
large degree for the differences in preference 
for light-water and heavy-water reactors in 
the two countries. It is also true, but not so 
generally recognized, that this difference in 
economic environment may also strongly af- 
fect the direction of preferred development of 
the D,O reactor in the two countries. 


Since the issuance of the preceding review, 
there have been some critical reexaminations 
of the heavy-water reactor type, as well as 
some significant technical developments, which 
have sharpened and illuminated these points. 


The reexaminations have strengthened the po- 
Sition of the liquid-D,O-cooled reactor for 
the near term, and have, mostly by omis- 
sion, deemphasized the direct-cycle boiling- 
DO pressure-tube system. Many other coolant 
possibilities have been examined, and several 
seem promising, but the organic-cooled sys- 
tem appears to emerge as the one most likely 
to give an early economic improvement over 
the pressurized D,O system. In the following 
brief review of recent developments, these 
points will be discussed in more detail. 


Heavy-Water Reactors and Fuel Supplies 


It has long been recognized in a general way 
that the capability of the D,O-moderated reac- 
tor to achieve high neutron economy and sub- 
stantial reactivity lifetime with fuel of natural 
or near-natural enrichment is a real advan- 
tage; but the implications of that advantage in 
the United States, where large enrichment fa- 
cilities are available, have been slow in being 
noticed. The AEC Report to the President! 
states that the U. S. resources of fissile isotope 
appear to be small in relation to the hoped-for 
development of nuclear power generation, and 
the recognition of this fact in that report has 
helped to give the proper emphasis to the wise 
use of nuclear fuel. Ironically, the relation of 
low-enrichment operation to fuel resource util- 
ization had not been clearly defined prior to 
the Report to the President, and the report, 
although establishing the basis of importance 
for heavy-water reactors, placed no emphasis 
on the need for that reactor type. Since the 
publication of the report, heavy-water systems 
have been examined more carefully in relation 
to efficient fuel utilization, and a more precise 
appreciation of their conservation advantages 
has developed. These advantages, which were 
brought out in a general way in the discussion 
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of nuclear fuel utilization in the previous issue 
of Power Reactor Technology [6(4): 1-38], may 
be summarized as follows: 

1. Because the heavy-water-moderated reac- 
tor can achieve high neutron economy with fuel 
of low enrichment, it possesses the unique abil- 
ity to utilize fissile isotope effectively (i.e., to 
extract a large amount of energy per net gram 
of fissile isotope destroyed) and at the same 
time to minimize the amount of fissile isotope 
required in inventory. In a rapidly expanding 
nuclear power-generation system, the tie-up 
of fissile isotope in reactor inventory repre- 
sents as effective a drain on the resource as 
does the actual destruction of the isotope. 

2. Because of its ability to achieve long ex- 
posures with fuel of low enrichment, the D,O- 
moderated reactor can minimize the effective 
loss of fissile isotope that results from the 
degradation of enrichment in the tailings from 
isotope separation plants and spent reactor 
fuel elements. 

3. Because the epithermal component of the 
neutron energy spectrum can be low in a reac- 
tor of low enrichment, and because a low ef- 
fective neutron temperature can be achieved 
by the use of cool moderator, D,O reactors of 
the pressure-tube type can minimize the ef- 
fects of the high capture-to-fission ratio (a) 
which afflicts plutonium in the epithermal- 
neutron energy regions and hence can utilize 
plutonium more effectively than other thermal 
reactors. 

4. The natural-uranium D,O-moderated re- 
actor is probably more efficient than a diffu- 
sion plant in converting raw natural uranium to 
fissile isotope for the fueling of fast breeders. 
That is to say, if a given quantity of natural 
uranium is used in a natural-uranium D,O- 
moderated reactor, the plutonium produced will 
probably provide inventory for a larger power 
capacity of fast breeder than would the U235 that 
could be extracted from the same quantity of 
natural uranium by a diffusion plant operating 
with a practical value of tails enrichment. 

9. If it should prove desirable to operate on 
a thorium fuel cycle, the D,O-moderated reac- 
tor would still retain the relative advantage of 
achieving high conversion ratio with low inven- 
tory requirement. Furthermore, it apparently 
has the capability of utilizing plutonium effi- 
ciently as a means of starting the U233_thorium 
cycle, and its chances of breeding on that cycle 
are aS good as or better than those of other 
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solid-fuel reactors operating in the thermal or 
near-thermal energy range. 


Power Cost Estimates 


In the more recent studies of nuclear power 
plants employing heavy-water reactors, the 
estimated power costs have improved relative 
to estimates for light-water plants of compa- 
rable output, and the prospects appear good for 
competitiveness in plants of large size. De- 
Signers who have some experience with the 
uncertainties in power cost estimates are likely 
to discount the significance of such estimates 
if they are based on anything short of detailed 
construction drawings. However, if the current, 
rather favorable estimates are discounted be- 
cause of uncertainties, at least the earlier, 
less favorable estimates should be viewed with 
equal, or greater, reservation. 


Actually there are good reasons for improve- 
ments in the estimated economic performance. 
Not the least of these is the advancement of the 
technology, most clearly demonstrated by the 
operation of the NPD plant? and the advanced 
stage of construction of the Douglas Point Sta- 
tion®»? (scheduled? for full-scale commercial 
operation in 1965) in Canada and by the startup 
of the Carolinas-Virginia Tube Reactor (CVTR) 
in the U.S. [see Power Reactor Technology, 
6(4): 63-81, for a review of the CVTR design]. 
Another important factor is the development of 
more favorable design concepts and the opti- 
mization of design of the particular concepts. 
As pointed out in the previous review, optimi- 
zation and attention to design detail are of the 
highest importance in those reactors (for ex- 
ample, the heavy-water reactors) whose attrac- 
tive features depend on good neutron perform- 
ance. Finally, most of the more recent power 
cost studies have been made at higher power 
levels [500 Mw(e)] than the earlier studies. The 
economic performance of the heavy-water re- 
actors improves relative to that of the light- 
water reactors as plant size increases and 
presumably would experience a step increase 
if plant size were increased further to the point 
that a single light-water reactor could not sup- 
ply the required thermal power. 


The recent power cost estimates for reactors 
cooled and moderated by D,O have been made 
by the Du Pont Company at the Savannah River 
Laboratory, by a joint team from the American 
Electric Power Service Corporation (AEPSC) 
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and the General Nuclear Engineering Corpora- 
tion (GNEC)° and by the AECL Chalk River 
Laboratory.!° Although each of these groups 
has considered several D,O-moderated reactor 
types, the results for the liquid-D,O-cooled type 
will suffice to show the trend of the estimates. 
Table IX-1 summarizes the characteristics of 
the reactors which were described by the three 
groups at a joint USAEC-AECL review!! in May 
1963. Table IX-2 summarizes the capital and 
fuel cost estimates for the three plants. These 
are somewhat more susceptible to comparison 
than are the estimates of power-generation 
cost, inasmuch as they are less affected by 
ground rules. However, it is clear that differ- 
ent groups use different criteria for the break- 
down between direct and indirect costs. The 
inclusion of D,O inventory at $20 per pound is 
for the sake of comparison only. The power 
cost estimates of the various groups covered 
D.O prices from $17 per pound to $28 per 
pound, with and without depreciation, and, of 
course, included allowances for D,O losses. 
The references should be consulted for the un- 
derstanding of the ground rules necessary for 
the interpretation of power cost estimates. 
However, for purposes of orientation, it may be 
mentioned that the Du Pont and AEPSC-GNEC 
estimates were, respectively, 5.8 and 6.9 mills/ 
kw-hr for the case of private utility financing 
with nondepreciating D,O. 


Other economic studies of very large heavy- 
water reactors have considered the production 
of process heat for water desalinization—in 
most cases with concurrent electric generation 
by backpressure turbines. Reference 12 (see 
also Ref. 13), reporting work at the Oak Ridge 
National Laboratory (ORNL), considers a plant 
of 25,000 Mw(t), employing three heavy-water- 
moderated reactors, each of 8333 Mw(t) capac- 
ity, cooled by boiling light water.* With munic- 


*This reactor is of particular interest technically, 
for it appears to achieve a negative coolant-void co- 
efficient of reactivity. This has not been previously 
reported for D,O-moderated reactors cooled by H,O 
and, in general, has been considered very difficult, if 
not impossible, with natural-uranium fuel. The de- 
sign described in the reference is unusual in that it 
uses quite massive fuel elements and a high fuel-to- 
moderator ratio. This entails the penalties of low 
specific power and reduced reactivity lifetime, but 
these penalties appear to be tolerable in the econom- 
ics of the very large reactor system. 
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ipal financing and a plutonium credit of $6.7 
per gram (as nitrate), the plant is estimated to 
produce electric power at 1.55 mills/kw-hr and 
fresh water at 11.0 cents per 1000 gal, when 
water and electricity are sold in the ratio of 
9 gal per kilowatt-hour. 


Reference 12 does not make comparisons 
with other reactor types for the desalinization 
application, but a recently issued report!‘ gives 
the results of a study of sea-water distillation 
by nuclear heat (with electric power production 
by backpressure turbines), carried out by the 
Bechtel Corporation for AEC. In the study!‘ 
light-water reactors and water-cooled graphite- 
moderated reactors were considered in addi- 
tion to organic-cooled D,O-moderated reactors. 
The study utilized reactor and fuel cost infor- 
mation supplied by ORNL and by various con- 
tractors through the AEC Division of Reactor 
Development and the Savannah River and Han- 
ford Operations Offices. The D,O-moderated 
reactor was found to give the lowest cost heat, 
primarily because of its low estimated fuel 
cost. 


Canadian and U. S. Approaches 


The differences between the economic en- 
vironments of nuclear plants in the U.S. and 
Canada are well known, and it has become a 
cliché to point out that the low capital charge 
rate applicable to the Canadian reactor (about 
6.5% per annum) causes the balance between 
capital costs and fuel costs, which usually must 
be struck in economic optimizations, to be 
tipped in favor of low fuel costs. It has been 
recognized that this circumstance plays a large 
part in the Canadian choice of the heavy-water 
reactor and that, in combination with some other 
nontechnical considerations, it plays a large 
part in the favorable performance shown by the 
natural-uranium designs in the Canadian envi- 
ronment. What is not so generally recognized 
is the extent to which these effects permeate 
the entire Canadian design approach, making it 
uniquely fitted for the Canadian power economy 
and for the use of natural uranium. This effect 
may be seen by examining the characteristics 
of the Canadian and U.S. designs listed in 
Table IX-1, and it will become even more ob- 
vious if the designs are examined in detail. The 
most straightforward comparisons can be made 
between the Canadian design and the AEPSC- 
GNEC design, since both have rod type fuel 


Table X-1 COMPARISON OF DESIGNS FOR 500-Mw(e) LIQUID-D,O-COOLED REACTORS'*!! 





General 
Gross thermal output, Mw (t) 
Net electrical output, Mw(e) 
Net thermal efficiency, % 
Total D,O inventory, metric tons 
Refueling method 
Primary coolant system 
Design pressure, psia 
Coolant inlet temperature, °C 
Coolant outlet temperature, °C 
Coolant flow rate, gal/min 
Maximum coolant velocity, ft/sec 
Fuel 
Fuel material 
Fuel cladding 
Fuel configuration 
Fuel bundle length, ft 
Concentration of U™5, % 
Average fuel burnup, Mwd/metric ton of U 
Number of fuel positions 
Core fuel inventory, metric tons of U 
Reactor core 
Pressure-tube concept 
Core length (including reflector), ft 
Reactor diameter (including reflector), ft 
Control method 
Number of control positions 
Pressure-tube inside diameter, in. 
Maximum heat flux, Btu/(hr) (sq ft) 
Average specific power, Mw/metric ton of U 
Mw/metric ton of total D,O 
D,O moderator inventory, metric tons 
Turbine plant 
Throttle steam pressure, psia 
Throttle steam temperature, °C 
Type of steam cycle 
Feedwater return temperature, °C 
Condenser pressure, in. Hg 
Gross cycle efficiency, % 
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Canadian Du Pont AE PSC-GNEC 
(AECL-1730)"° (DP-830)° (NP-12344)?® 

1570 1838 1850 

491 491 489 

31.3 26.7 26.4 

350 325 390 

On-line Shutdown On-line 

1830 1730 1760 

266 260 257 

310 310 302 

122,000 138,000 128,000 

30 30 40 

UO, UO, UO, 

Zircaloy Zircaloy Zircaloy— 2.5% Nb 

Solid rods Coaxial tubes Hollow rods 

1.7 15 4.5 

0.71 1.19 1.41f 

8680 14,000 19,700 

387 226 560 

95.7 27.1 51.4 

Hot Cold Cold 

21.4 19 20 

~23.9 18 22 

Rods Rods Ball columns 

16 23 187 

4.0 4.4 3.5 

330,000 850,000 620,000 

16 68 36 

4.5 5.2 4.8 

265 163 242 

762 522 540 

265 245 246 

Reheat Nonreheat Nonreheat 

182 200 188 

1.0(?) 1.5 1.5 

34.6 30.0 28.4 


*Basic numbers are from Refs. 8 to 10. However, the AECL numbers, where appropriate, have been ad- 
justed upward from the 457-Mw(e) output of Ref. 10 to the 491-Mw(e) value appropriate for this comparison. 
TOptional operation to 5000 Mwd/metric ton of U possible with natural uranium. 


elements in 19-rod bundles. Some of the sig- 
nificant items are the following: 

1. Although the important coolant tempera- 
tures are not greatly different in the Canadian 
and U. S. designs, the thermal efficiency of the 
Canadian plant is substantially higher, with the 
result that the U. S. designs generate some 18% 
more thermal power for a given electrical out- 
put. The higher thermal efficiency appears to 
result from a slightly lower condenser pres- 
sure, the use of a reheat steam cycle, and the 
use of U-tube U-shell steam generators that 
do not restrict the temperature of the generated 
steam to a value less than the coolant inlet tem- 


perature to the reactor. The latter point is il- 
lustrated in Fig. IX-1. The U-tube U-shell gen- 
erators are avoided in the U. S. design studies 
because of their estimated high capital cost. 

2. The Canadian designs use a larger quantity 
of heavy water in the reactor tank —part of it 
to afford a generous 2-ft reflector—but they 
use a much smaller quantity of heavy water in 
the external coolant system to reach a total that 
is intermediate between that for the Du Pont 
and the AEPSC-GNEC designs (Table I[X-1). 
The low external inventory results from the use 
of the counterflow coolant arrangement in ad- 
jacent pressure tubes, illustrated in Fig. IX-2, 
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which eliminates the need for return lines from 
one end of the reactor to the other, and appar- 
ently also from a design approach that weights 
very heavily the considerations of minimizing 
the external D,O inventory. This approach is 
illustrated in Fig. IX-3, showing a bank of 
pumps and steam generators for the 200-Mw(e) 
CANDU reactor (the reactor for the Douglas 
Point Station). The unit shown in the figure, 
comprised of five pumps and four steam gen- 
erators, each of the latter utilizing 10 vertical 
U-tube heat exchangers, serves one end of the 
reactor and is duplicated at the other end. The 
holdup of D,O in headers and other parasitic 
volumes is comparatively small. Again, U. S. 
practice would indicate a smaller number of 
larger units on capital cost considerations. 
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3. The Canadian design produces more power 
per unit length of fuel element than does the 
U. S. design (AEPSC-GNEC) that utilizes fuel 
assemblies of the same (rod bundle) type. Pri- 
marily this is the result of a flatter power 
distribution in the Canadian reactor (appar- 
ently a maximum-to-average ratio of 1.5 vs. 
2.6 in the U. S. design). The immediate reasons 
for the excellent power flattening achieved in 
the Canadian design are primarily the thick 
reflector and the bidirectional push-through 
scheme of fuel reloading. The latter is illus- 
trated in Fig. IX-4. There is, however, a more 
fundamental reason why better power flattening 
can be achieved in a reactor designed for rela- 
tively low fuel burnup than in one designed for 
high fuel burnup. 


Table IX-2 CAPITAL AND FUEL COST ESTIMATES FOR 
500-Mw(e) LIQUID-D,0-COOLED REACTORS'! 





Canadian Du Pont AEPSC-GNEC 
(AECL-1730)'° (DP-830)® (NP-12344)° 
Capital costs [all costs are in millions 
of U. S. dollars and apply to single 
units of 500 Mw (e) capacity] 
Land and land rights 0.4 0.4 
Structure and improvements 6.0 12.1 
Reactor plant equipment 21.7 37.2 
Turbine-generator equipment 27.8 25.2 
Total direct cost 55.0 55.9 74.9 
Indirect costs (including contingency) 36.7 29.9 27.0 
Total construction cost 91.7* 85.8 101.9 
Total construction cost, $/kw(e) 202 175 208 
D,O inventory at $20/lb 14.3 15.4 17.2 
Total plant cost 106.0 101.2 119.1 
Total plant cost, $/kw(e) 232 206 244 
Fuel characteristics 
Fuel material UO, UO, UO; 
Fuel shape Rod Tube Hollow rod 
Cladding Zircaloy Zircaloy Zircaloy— 2.5% niobium 
Fabrication method Pelletizing Mechanical Pelletizing 
compaction 
Concentration of US, % 0.715 1.19 1.41 
Average exposure, 8680 14,000 19,700 
Mwd/metric ton of U 
Fuel-cycle costs, $/kg of UT 
Conversion and fabrication 21.60 71.44 
Shipping (fresh and spent fuel) 2.50 19.01 
Depletion of y2 66.10 88.12 
Reprocessing 26.08 28.88 
Use of U235 3.21 7.23 
Net plutonium credit (36.43) (46.35) 
Other 1.19 
Total, $/kg of U 521 84 168 
Total, mills/kw-hr 0.80 0.94 1.35 


*For a 454-Mw (e) plant. 


fCosts tabulated under “Du Pont” and “AEPSC-GNEC” are for U. S. Government ownership of fuel; 


the AEPSC-GNEC estimate of total fuel cost under private ownership is 1.29 mills/kw-hr. 


JThrowaway fuel cycle. 
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In uranium-cycle reactors with reasonably 
high conversion ratios, the initial effect of fue1 
exposure is to increase the macroscopic fis- 
sion cross section, because the macroscopic 
fission cross section of Pu?’ is considerably 
higher than that of U235, This usually occurs 
even though the reactivity may be decreasing 
because of the lower m of Pu239 and the buildup 
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old fuel bundles produce as much power, on 
the average, as the new ones. 

At a given conversion ratio, this effect is 
more pronounced in low-enrichment reactors 
(e.g., the heavy-water reactors) than in the re- 
actors that inherently use higher enrichment 
(e.g., the light-water reactors), simply because 
the fractional burnup of fissile isotope, for a 
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Comparison of U-tube U-shell and U-tube conventional-shell heat exchanger. The U-shell 


design produces hotter steam principally because of the countercurrent flow in the feedwater— D,O- 
outlet leg of the U: this countercurrent flow, in conjunction with a low feedwater inlet temperature, 
is used to cause the point of minimum temperature difference to occur where the D,O temperature 


is relatively high. 


of fission products. In such reactors the mac- 
roscopic fission cross section of the fuel will 
go through a maximum as exposure continues 
and as the Pu239 content approaches an equilib- 
rium value, and it will eventually decrease to 
a value far below its initial value. Until the fis- 
sion cross section decreases below its initial 
value, power flattening by appropriate fuel 
shuffling or incremental reloading procedures 
may be very effective. However, when a reac- 
tor contains old fuel with substantially de- 
creased fission cross section, the best the 
fuel-shuffling program can do is to flatten the 
neutron-flux distribution; it cannot make the 


given exposure in megawatt-days per ton, is 
larger in the low-enrichment reactor. The ef- 
fect is felt rather strongly in the AEPSC-GNEC 
design. 

The other effect of high-burnup fuel on power 
distribution occurs in the initial period of op- 
eration: not only is the initial fuel composition 
far different from that which characterizes the 
final equilibrium reloading cycle, but the non- 
equilibrium period lasts so long that compro- 
mises in either fuel or reactor performance 
during that period are quite expensive. The 
designer must then solve the double problem 
of finding a favorable equilibrium power dis- 
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tribution and of establishing that distribution 
without creating a less favorable distribution 
during the nonequilibrium period. 

The Canadian design (relative to the AEPSC- 
GNEC design) utilizes much more massive fuel 
elements, with a consequent reduction in fab- 
rication cost per pound of uranium. Partly this 
results from several of the points discussed 
above. The high value of average power per 
unit length of fuel element, along with the low 
cost of the natural-uranium fuel, allows the use 
of massive elements without an important pen- 
alty in fuel inventory charges. At the same 
time, the economical use of D,O in the exter- 
nal circuit gives a reasonably high value of 
specific power relative to total D,O, despite 
the fact that a low specific power relative to 
fuel implies also a low specific power relative 
to that D,O which is in the reactor tank. 

The use of the large fuel rods results also 
from Canadian developments directed specif- 
ically toward the problems of fuel bundles for 
heavy-water reactors. The fundamental dif- 
ference between fuel designed for this appli- 
cation and fuel designed for the typical U. S. 
light-water reactors is that space for fission- 
gas accumulation cannot be provided in the 
heavy-water case without incurring an unde- 
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sirable power peaking due to the end-peaking 
or Wilkins effect. Much of the Canadian fuel 
research has been directed toward the under- 
Standing of the behavior of fission gases in 
oxide fuel elements, and presumably these de- 
velopments, along with the relatively low burn- 
up of the fuel, are factored into the Canadian 
design. The elements specified in Ref. 10 (di- 
ameter, 0.74 in.), are considerably larger than 
the 0.60-in. elements specified for the CANDU 
reactor. In contrast to this rather massive de- 
sign, the U.S. design utilizes a smaller ele- 
ment, with a central hole that serves the dual 
purpose of reducing the maximum oxide tem- 
perature and providing a space for the fission 
gases that may be released (Fig. IX-5). 

The other U.S. design, produced by the Du 
Pont group, utilizes the Savannah River fuel- 
element approach that has been under develop- 
ment for some time. The massive full-length 
fuel elements consist of coaxial Zircaloy-clad 
tubes of uranium oxide (Fig. IX-6). They are 
fabricated by pouring fused uranium oxide 
powder into prefabricated Zircaloy sheaths, 
consolidating the powder by vibratory compac- 
tion, and swaging the composite tube over a 
mandrel to increase the oxide density above 
90% of theoretical. At the present time the di- 
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Fig. LX-2 Coolant-flow paths and fuel movement directions, CANDU reactor. 


92 Vol. 7, No. 1 


H20 Steam 






Steam Drum 


U- Shell Heat 
Exchangers 


Primary Coolant Pumps 


Headers 


Tubes 
Feeder Tubes 


7 







a = 
= 






4 
” 






/ 


4124 
vaist 





a f 
A ¢ 
FA 


MA, 
A “z 


Fig. X-3 CANDU boiler and circulating pump arrangement.’ This bank of equipment serves one 
end of the reactor, and an identical bank serves the other end. The D,O primary coolant passes 
through the tubes of the heat exchangers. The headers are 16 in. in outside diameter by 32 ft long, 
with 1.5-in. walls. The feeder tubes are of four sizes, Wi; t 2, and 21, in. (normal), according to 
the coolant-flow requirements of the pressure tubes served. 
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Fig. X-4 Radial flux, power, and fuel feed distri- 
butions in CANDU.’ Here w is the discha rge fuel 
exposure in neutrons per kilobarn; nvt = (neutrons/ 
kilobarn) (1074). 


rect development effort on heavy-water power 
reactors in the U.S. consists largely of the 
development and testing of the tubular fuel ele- 
ments, in both metal and oxide versions, at 
Savannah River. Some irradiation tests have 
been made in the Vallecitos Boiling-Water Re- 
actor, but currently all testing is being done in 
the Heavy-Water Components Test Reactor 
(HWCTR),!Š which was constructed primarily 
for the development of fuel elements for heavy- 
water reactors. The status of elements cur- 
rently under test is summarized in Table IX-3. 
The experience to date has been encouraging 
for the tubular elements containing oxide of 
relatively high density, but failures have been 
experienced in elements containing oxide in the 
83% of theoretical density range. The following 
quotation is from Ref. 16: 


By the end of June, the maximum exposure at- 
tained by any of the fuel elements in the HWCTR 
was 7400 MWD/ton U in oxide tubes that were op- 
erating at a maximum fkdt of 22 watts/cm. How- 
ever, fuel testing in HWCTR during the May-June 
period was interrupted three times by failures of 
oxide fuel assemblies. The cause of these failures 
has not yet been determined. Information available 
while this report was in preparation indicates that 
the failures were due to the collapse (under the hy- 
draulic pressure of the coolant— 1200 psi max.) of 
the outer sheathing of Zircaloy. The failures oc- 
curred only in fuel tubes that were filled with UO, 
having a density of about 83% of theoretical; oxide 
of 88% density gave sufficient support to the clad- 
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ding that failure has not occurred. The first fail- 
ure, which occurred during a power ascension on 
May 31, was in an assembly of eight short oxide 
tubes, the hottest of which had operated at a maxi- 
mum fkdt of 50 watts/em to a maximum exposure 
of about 3000 MWD/ton U. Another failure of this 
type of UO, element had occurredon April 3 shortly 
after a reactor shutdown. The other full-length ox- 
ide tubes failed during subsequent reactor opera- 
tion: one during a startup, the other during normal 
operation. These latter tubes had operated at a 
maximum fkdt of 28 watts/cm and had attained 
maximum exposures of 4800 and 5600 MWD/ton U. 


Reference 16 also describes a new vibrator 
that has been installed at the Savannah River 
Laboratory. It is expected to facilitate the 
attainment of high oxide density, as well as 
to make possible the fabrication of larger 
elements. 
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design.’ 
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The typical reactor design prepared by the 
Du Pont group’ differs quite markedly from the 
typical Canadian designs (Table IX-1). The use 
of tubular elements rather than rod bundles and 
the use of slightly enriched rather than natural 
uranium lead to quite high specific power rela- 
tive to the fuel and relative tothe D,O in the re- 
actor because of the favorable geometry of the 
fuel for heat removal and the relatively thin 
oxide sections that were used. In the Du Pont 
design, on-power refueling is not used. Partial 
core reloading is contemplated, and radial 
power flattening is achieved by using higher 
average fuel exposures (or lower enrichments) 
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Fig. IX-6 Du Pont fuel element. 
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near the center rather than near the edge of the 
reactor. 


Organic-Cooled Heavy-Water Reactors 


It must, of course, be recognized that the 
organic-cooled system has not reached nearly 
the same stage of development as the liquid- 
D,O-cooled system. The problem of organic 
fouling of fuel elements is well known. Recent 
results indicate that the problem may be con- 
trolled by careful attention to the initial cleanup 
of the system, control of the halogen (chlorine) 
content of the coolant,!! and suitable filtration. 
Fuel elements suitable for the desired operating 
temperatures have not been demonstrated, al- 
though the possibilities of utilizing carbide 
fuels, or even metallic uranium, offer some 
promises of nuclear and thermal performance 
which are absent in the aqueous-coolant cases; 
however, the area of uncertainty in the devel- 
opment of a usable fuel element lies not in the 
fuel material but in the cladding material, Also, 
a pressure-tube design has not been proved. 
In both of these problems a key question is 
whether zirconium will operate satisfactorily 
in contact with hot organic in the reactor envi- 
ronment. Canadian investigations of this ques- 
tion have been encouraging but are not yet con- 
clusive. If zirconium or a low-cross-section 
zirconium alloy cannot be used in these appli- 
cations, the sintered aluminum product (SAP) 
of aluminum and aluminum oxide, which has 
been under development for organic reactors 
for a number of years, provides another pos- 
sibility; however, it presents problems of fab- 
rication, particularly welding problems, and 
is a rather brittle material, with less high- 


Although it is difficult to compare the re- 
sults of economic analyses made by different 
groups, the comparative results of a particular 
group for reactors of different types should 
have a more straightforward interpretation., It 
is, therefore, the more striking that the groups 
which have recently looked at various advanced 
heavy-water reactor types have all estimated 
the lowest power-generation costs for the 
organic-cooled type. These results are listed 
in Table IX-4. This list includes the results of 
studies!’ on the organic-cooled type by Combus- 
tion Engineering, Inc., under ground rules iden- 
tical to those used earlier by the AEPSC-GNEC 
group for studies of the D,O-cooled and gas- 
cooled types. 
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Table IX-4 ESTIMATED FUEL CYCLE AND POWER COSTS FOR SINGLE-REACTOR PLANTS IN THE 
450- to 500-Mw(e) RANGE, UTILIZING D,O-MODERATED REACTORS WITH VARIOUS COOLANTS 


Reactor Estimating 
coolant group 
Liquid D,O 
Boiling D,O 8 
H,O fog Du Pont 
Organic 
Liquid D,O 
Boiling D,O$ AEPSC-GNEC*? 
CO, gas 
Organic Combustion 
Engineering*"" 
Liquid D,O 
H20 fog 10 
Boiling H,O AECL 
Organic 


Type of financing 


Private plant, AEC 
fuel ownership 


Private plant, private 
fuel ownership 


Private plant, private 
fuel ownership 


Canadian utility 


*These two studies used identical ground rules. 
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Fuel-cycle Total energy 
cost, cost, 
mills/kw-hr mills/kw-hr 
0.94 5.79 
0.68 5.94 
0.68 5.65 
0.69 5.02 
1.29 6.94 
1.09 6.84 
1.66 9.08 
0.72 5.50 
0.80 3.86 
0.86 3.89 
0.69 3.77 
0.42 3.45 
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Fig. IX-7 Coolant-flow paths and fuel movement directions, Combustion Engineering organic-cooled 


reactor. 
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temperature strength than would be desirable. 
The organic-cooled design studies that have 
served as the basis for the economic evalua- 
tions discussed here have all utilized SAP-clad 
fuel elements. All of them have had also, either 
as the reference design or as a backup design, 
composite pressure tubes that, in one way or 
another, place SAP in contact with the organic 
but utilize Zircaloy for its strength properties 
and low neutron absorption. 

It is hardly surprising that the organic cool- 
ant appears attractive in this application, for 
the low-vapor-pressure characteristic of the 
organic is particularly attractive in the pres- 
sure-tube concept. The use of a separate non- 
organic moderator reduces the rate of organic 
decomposition to a fraction of that experienced 
in a reactor that is both moderated and cooled 
by an organic liquid. Further, as discussed 
above in connection with the D,O-cooled reac- 
tors, the traditional approach of attempting to 
improve economic performance through work- 
ing the fuel harder and increasing the specific 
power may well yield limited returns when ap- 
plied to low-enrichment D,O-moderated reac- 
tors. If this is the case, the well-known defi- 
ciencies of the organics as heat-transfer fluids 
may prove to be relatively unimportant in this 
application, particularly since their use elimi- 
nates most of the ex-reactor D,O inventory that 
is associated with the D,O-cooled types and 
thus reduces the importance of a high specific 
power relative to the in-reactor D,O. It is pos- 
sible also that specific design approaches can 
be utilized to minimize the poor heat-transfer 
properties while exploiting the relatively high- 
temperature capabilities of the coolant. An ap- 
proach of this type, which was utilized in the 
Combustion Engineering design study, is illus- 
trated in Fig. IX-7. Serious work toward the 
development of organic-cooled heavy-water re- 
actors is under way in Canada with the WR-1 
Test Reactor! at the Whiteshell Nuclear Re- 
search Establishment in Manitoba, and in Eu- 
rope under the ORGEL (Organique-Eau Lourde) 
program,!*! sponsored by Euratom. 
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Section 


X Unconventional 


Power Reactor Technology 


Design Study of 
Thermionic Nuclear Plant 


A recent report! describes a feasibility study of 
a water-cooled thermionic nuclear power plant 
of the portable medium-power (PM) class, which 
was carried out for the Atomic Energy Com- 
mission by the Martin Co. 

The major design criteria established before 
the beginning-of-life study were:! 


(1) The plantis to have a net power output of 1000 
kwe, 60-cycle 3-phase ac at 480 volts. The plant is 
to be of the preassembled type, meeting the air- 
transportability requirements of the C-130A air- 
craft (i.e., maximum size —8!/, ft x 8'4 x 30 ft; 
maximum weight — 30,000 lb). In addition, the plant 
and modules are to be designed for minimum on- 
site erection and operating requirements. 

(2) The reactoris tobe cooled with either a natu- 
ral or forced circulation water system. 

(3) Thermionic converters areto be incorporated 
within the fuel elements. They are to be of the low 
temperature cesium plasma type, utilizing a re- 
fractory metal cathode that also serves as cladding 
for the fuel in each device. 

(4) The reactor core isto be designed for a mini- 
mum of 10,000 fueled power hours. 

(5) An air-cooled heat rejection system for mini- 
mum size and weight (air at 80°F maximum, —60°F 
minimum) is to be incorporated in the design. 

(6) A theoretical analysis is to be conducted to 
determine plant nuclear, thermal, and electrical 
responses during startup, gradual load changes, and 
step transients. 


The study included a cost analysis; however, 
this review will confine its attention to the reac- 
tor design features. Previous reviews in Power 
Reactor Technology, which covered only the 
principles of thermionic electric generation, 
may be found in 3(1): 6-14 and 3(3): 48-50. Ref- 
erence 2 is a good discussion of general princi- 
ples and is of more recent date. 


Approaches 


A thermionic converter transforms nuclear 
heat directly into electricity without the inter- 
mediate step of conversion to mechanical energy. 
It accepts heat at a high temperature T (ina 
nuclear thermionic reactor, this heat is sup- 
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(a) Schemotic of Thermionic Converter Diode. 
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(b) BWR, Direct Cycle, Forced Circulation. 
Fig. X-1 Schematic of nuclear thermionic converter. 
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plied by the fissioning fuel), rejects heat ata 
lower temperature T.,and generates electric 
energy. It also performs according to the ther- 
modynamic principles applicable to all heat 
cycles. The converter consists of two electrodes 
(part a of Fig. X-1), the emitter or cathode and 
the collector or anode. The emitter receives 
heat, q, , and delivers electrons with positive ki- 
netic energy. The emitted electrons cross the 
interelectrode spacing, y, to the collector, doing 
work against the electrical load and dissipating 
additional energy, which must be rejected as 
heat, in the collector. The characteristic space- 


Table X-1 
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charge barrier formed in the interelectrode 
spacing, which can place a severe limit on the 
current density, can be alleviated by reducing 
the spacing to a few microns and/or by the in- 
troduction of positive ions. The latter remedy 
is usually applied by filling the gap with an 
easily ionized gas (e.g., cesium) that becomes 
partially ionized by electron collisions. 

The main characteristics of the reactor de- 
scribed in Ref. 1 are listed in Table X-1. All 
the electrical generation is by thermionic means. 
The heat rejection is by means of a forced- 
circulation boiling-water system in a direct 


NUCLEAR THERMIONIC POWER PLANT: 


SUMMARY OF CONCEPTUAL DESIGN CHARACTERISTICS! 


Overall performance data 


Thermal power, Mwi(t) 16 
Electric power, Mw(e), net 1 
Core life, full-power hours 10,000 
Design pressure, psia 150 
Average core coolant 
temperature, °F 358 
Core design characteristics 
Geometry Right-circular 
cylinder 
(approximately) 
Diameter, average, in. 40.2 
Active length, in. 44 
Overall length of fuel 
element, in. 48 


Core structural material Stainless steel 


Fuel-element data 


sheath 
Sheath outside diameter, in. 0.620 
Sheath thickness, in. 0.015 
Insulator (ZrO,) thickness, in. 0.100 
Collector thickness, in. 0.020 
Plasma (Cs) gap thickness, in. 0.010 
Emitter (fuel-pellet cladding) 
thickness, in. 0.020 
Fuel-pellet diameter, unclad, in. 0.290 
u235 loading, core total, kg 117 
UO, concentration in fuel 
pellets, g/cmš 
Central zone 1.7 
End zones 4.3 
Burnable poison-element data, 
cylindrical zirconium 
boride-zirconium 
Diameter of rods, in. 0.43 
Number of rods 129 
Boron (natural) loading per 
rod, g 1.85 


Total boron (natural) 
loading, g 240 


Cylindrical, series- 
connected diodes, 
UO,- Mo fuel, Mo 
alloy electrodes, 
ZrO, insulator, 
stainless-steel 


Reflector control data 


Number of drums 18 
Diameter of drums, in. 6 
Drum composition 
Poison facing material Ag-In-Cd 
Drum body BeO 
Nuclear worth of control drum 
system, % 
Cold 2.0 
Hot 2.5 
Nuclear worth of control 
fuel-bundle system, % 3.0 
Average thermal core flux, 
initial, nv 7 x 1012 
Control requirements, % 
Cold-hot 0.5 
Equilibrium poisons 1.5 
Maximum poisons 0.3 
Lifetime 1.0 
Core heat-transfer and 
hydraulic characteristics 
Heat flux, Btu/(hr)(sq ft) 
Average 66,400 
Maximum 197,200 
DNB ratio 6.4 
Exit quality, % 
Average 15 
Hot channel 30 
Reactor flow rate, lb/hr 403,000 
Mass flow rate, lb/(hr)(sq ft) 234,000 
Thermionic characteristics 
Electrical power density, 
watts/cm? 4.0 
Diode efficiency, % 10 
Emitter temperature 
Average, °C 1450 
Average, °F 2642 
Maximum, °C 1500 
Maximum, °F 2732 
Collector temperature 
Average, °C 650 
Average, °F 1202 
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cycle, i.e., steam from the reactor coolant is 
sent directly to an air-steam condenser (part 
b of Fig. X-1). The relatively low steam pres- 
sure is chosen on the basis of overall practica- 
bility and transportability, inasmuch as high 
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pressure is not required for thermodynamic 
reasons. 

The solid moderator (zirconium hydride) is 
used to minimize the temperature defect of 
reactivity and to minimize the variation of the 
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Fig. X-2 Pressure vessel and internals.' 
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Spatial power distribution with power level. A 
Spatial power distribution that stays constant 
with time, particularly in the axial direction, 
is highly desirable in this reactor type toobtain 
the best performance from the in-core thermi- 
Onic diodes. As indicated in later paragraphs, 
the diodes in a given fuel element are connected 
in series electrically. The fission-heated cath- 





Fig. X-4 Cross-sectional view of pressure vessel and core. 


odes of the diodes depend on electron emission 
for cooling, and, at the same time, the electron 
emission current density depends on the cathode 
temperature. In the series-connected system, 
the cooler, lower-power cathodes can choke off 
the “coolant” flow of electrons to the hotter cath- 
odes unless the areas of the several diodes, 
which are in Series, are carefully proportioned 
to compensate for the effect. This can be done 
only if the power distribution among the diodes 
remains nearly constant. This consideration also 
influenced the choice of control system, which 
utilizes rotatable absorbing drums inthe reflec- 
tor (along with burnable poison) for operating 
control and movable fuel bundles for shutdown. 


UNCONVENTIONAL APPROACHES 103 


The core and associated components of the 
reactor are contained within the pressure ves- 
sel (see Fig. X-2). The control-drive mecha- 
nisms are attached directly to the pressure- 
vessel head. The basic internal structure is the 
core barrel, which locates and supports the 
core, moderator, reflector, and additional struc- 
ture. Appended to the bottom of the core barrel 
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54 LD. x .500 wall 
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48" I.D. 


A 
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Control Drum 
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Center of Removable Bundle 
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is the core support plate that transmits the en- 
tire load to the core support brackets integral 
with the pressure vessel. 

The construction of the fuel elements is 
shown in Fig. X-3. A dispersion pellet of UO,- 
molybdenum serves as the fuel, and the mo- 
lybdenum cladding serves as the emitter. A 
cesium gap separates the emitter from the mo- 
lybdenum collector, which is electrically at- 
tached to the emitter of the adjacent fuel pellet. 
Outside the collector is a zirconium oxide 
sleeve enclosed by a stainless-steel tube. The 
zirconium oxide not only must isolate the col- 
lectors electrically from each other and the 
stainless-steel tube, but it must also provide a 





104 POWER REACTOR TECHNOLOGY 


medium for conducting the collector heat to the 
stainless-steel tube and thence to the coolant. 
The diode collectors are separated by Al,O, 
spacers that serve as electrical insulators. At 
the end of each fuel element is a reflector sec- 
tion composed of beryllium oxide. The current- 
conducting loads from the ends are made of 
molybdenum. 

The UO,-molybdenum cermet was chosen be- 
cause of the good compatibility of UO, and mo- 
lybdenum. In addition, molybdenum has a mod- 
erate neutron-capture cross section (relative 
to other possible materials) and good high- 
temperature strength. UO, was chosen in pref- 
erence to other uranium compounds because of 
its proven performance characteristics. 

Six materials — molybdenum, niobium, irid- 
ium, rhenium, tungsten, and tantalum — were 
considered for the cathode material. The last 
four were rejected because of their large ther- 
mal and epithermal absorption cross sections 
that would have resulted in two or three times 
higher fuel inventory. Reference 1 also states 
that molybdenum at an 8- to 12-mil interelec- 
trode spacing and niobium at a 2- to 4-mil 
spacing give comparable performance. 

Since recrystallization sets a maximum tem- 
perature limit of 1550°C for molybdenum, 
1450°C was chosen as a conservative design 
temperature for the cathode. The reference! 
states that a more detailed design program 
would probably allow for a higher value. 

The fuel tubes are welded into the upper grid, 
which also serves as a cesium plenum and as 
an electrically insulated chamber for making 
interelement electrical connections between the 
power-producing fuel elements. The cesium 
reservoir, supported several inches above the 
upper grid by three support rods, contains the 
cesium supply required by the thermionic diodes, 
which is carried from the top of the reservoir 
down to the upper grid by a tube. Each cesium 
reservoir contains a thermocouple, an electric 
heater, and the required electrical connections 
needed for control of the cesium pressure. 

The lower end of each fuel element is formed 
into an electrical receptacle that mates with a 
banana plug that projects from, but is electri- 
cally insulated from, the core support plate. 
Each banana plug is electrically connected to 
one of two (positive and negative) lead plates at- 
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fuel elements connects to one lead plate, and 
the other element connects to the electrically 
Opposite lead plate. The lower ends of the ele- 
ments in one cluster are bound together by a 
tube structure for rigidity. A spacer tube is in- 
serted in the center of the cluster to distribute 
the coolant flow around the elements. These 
tubes will contain solid moderator or burnable 
poison, All the elements are separated from the 
spacer tube and from each other by spirally 
wound wire spacers located along the length of 
the elements. 

The fuel elements are grouped in clusters of 
five. Seven clusters are joined in a triangular 
pattern to a hexagonally shaped upper grid. This 
grouping forms a fuel bundle. No lower grids 
are used; therefore the clusters of each fuel 
bundle can be lowered into a pattern of holes in 
the solid moderator designed to accommodate 
them. An array of 32 such bundles, a 34-ele- 
ment bundle, and four control bundles, which 
contain six instead of seven fuel tube clusters, 
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tached below the core support plate. Two fuel 
elements, serially connected, form individual 
circuits. Thus one of the two serially connected 


Fig. X-5 Optimum electric power density as a func- 

tion of interelectrode spacing and emitter tempera- 
2 

ture. 
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comprise the 1274-fuel-element core. The fol- 


lowing is a summary of the fuel arrangement 
in the core. 


Number of thermionic modules (diodes) 


per fuel element 44 
Number of fuel elements per cluster 5 
Number of seven-cluster fuel bundles 

(35 fuel elements) 32 
Number of six-cluster fuel bundles 

(30 fuel elements) 4 
Number of 34-fuel-element bundles 1 
Total number of fuel elements 1274 
Total number of fuel bundles 37 


There is a positive and a negative lead plate 
for each fuel bundle. The 74 leads make a total 
of 37 individual circuits leaving the reactor, 
and each circuit nominally carries 1100 amp of 
direct current at 32 volts. The power leads from 
the lead plates are taken out along the bottom of 
the support plate to the pressure-vessel wall, 
and up the wall in a water-cooled aluminum bus 
that is located in the 2-in. annulus formed be- 
tween the core barrel and the pressure-vessel 
wall, to the two insulated pressure-vessel pene- 
trations. The water-cooled bus passes through 
the penetrations and terminates at the input 
terminals of the power converter. The latter is 
an acyclic motor —synchronous generator rated 
at 1350 kw (0.8 power factor) at 480 volts, 60 
cycles. 

Silicone rubber is used for a potting com- 
pound at the pressure-vessel electrical pene- 
trations. It is expected to perform satisfactorily 
because of the low radiation level and low pres- 
sure. 

Eighteen revolvable drums (see Fig. X-4) in 
the reflector provide control for operation and 
scram. These drums are ganged in sets of 
three so that one drive mechanism can control 
a set of three drums. The drums are made of 
either solid beryllium or cans of BeO, witha 
I- to %-in. thickness of Ag-Cd-In wrapped 
around 180° of the drum. The drums are lo- 
cated in reflector cutouts and are supported at 
the bottom by the moderator support plate and 
at the top by extensions from the core barrel. 


General Thermionic 
Considerations 


Reference 2 is a recent report on thermionic 
power generation which gives details of oper- 
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ating experience with practical thermionic con- 
verters as well as general principles. Figure 
X-5, from the reference, illustrates the sensi- 
tivity of the power output of a thermionic con- 
verter to the emitter-collector spacing, and 
Fig. X-6 illustrates comparisons between ideal 
converters and several thermionic converters 
developed to date. Above about 1800°K, for the 
case of a niobium emitter and a molybdenum 
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1. Efficiency of ideal converter including only radia- 
tion losses, emissivity 0.25 

2. Efficiency of ideal converter including only radia- 
tion losses, emissivity 0.33 

3. Calculated efficiency of molybdenum emitter con- 
verter, not including radiation from back of emit- 
ter — Thermo Electron Engineering Corp., private 
communication 

4. Calculated efficiency of tungsten emitter converter, 
not including radiation from back of emitter — V. C. 
Wilson and J. Lawrence, General Electric Company 
Scientific Report No. 3, Contract AF 19-(694)-5472, 
August 1960 

5. Measured efficiency of molybdenum emitter con- 
verter —N. S. Rasor, IAS Paper No. 61-72, Janu- 
ary 1961 

6. Measured efficiency of tantalum emitter converter 
—Thermo Electron Engineering Corp., private 
communication 


Fig. X-6 Thermal efficiency of thermionic conver- 
ters.’ 
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collector, the maximum power output increases 
rapidly with decreasing interelectrode spacing 
(Fig. X-5), and the maintenance of small spac- 
ings has given rise to structural problems. The 
reference states that these problems currently 
limit the life of practical devices to about 1000 
hr, but it expresses confidence that the struc- 
tural problems will be solved after sufficient 
development work and that eventually the life of 
converters probably will be limited only by the 
corrosive effects of cesium and the evaporation 
of the emitter. The reference’ also presents 
concepts of several thermionic nuclear reac- 
tors and discusses the following problems: 


1. Diffusion of gaseous fission products into 
the cesium, and its effects on converter per- 
formance 

2. Metallurgical compatibility of emitter and 
nuclear fuel materials 

3. Extent and effects of distortion of emitter- 
clad fuel elements 

4. Corrosive effect of cesium on electrode 
materials 

5. Development of high-temperature electrical 
insulation metallurgically bondable to collector 
and structural materials 


Thermoelectric 
Power Supply 


Reference 3 gives a conceptual design for a 
200-watt reactor-powered thermoelectric power 
supply for space applications. It employs anun- 
shielded reactor that consists of a split sphere 
of pure U233 metal reflected by beryllium metal 
(Fig. X-7). U233 was chosen over U?’ because 
of its considerably lower critical mass (giving 
a lower total weight), and it was chosen over 
plutonium because of its higher melting point. 
The core, which transfers its heat to the beryl- 
lium reflector and cooling radiator by conduc- 
tion, operates with a central temperature of 
764°C and at a thermal power of 5 kw, as re- 
quired by the generator efficiency of 4%. Re- 
activity is controlled by varying the separation 
of the uranium hemispheres by means of the 
cleft in the complete unit, which is indicated in 
Fig. X-7. 

Lead telluride was chosen as the thermo- 
electric material because: “...there is, how- 
ever, Only one material, lead telluride, whichis 
truly operational from the standpoint of having 
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Fig. X-7 Conduction-cooled reactor system.’ 


Operated satisfactorily in power supplies and 
having fairly well-known operating limits and 
properties.”? The reference concludes that the 
final feasibility of the device is dependent on 
the radiation-damage effects to the thermoele- 
ments. It also concludes that the upper limit 
for the power level of the particular reactor 
discussed is the thermal-stress limit of the 
thermoelements. If the allowable temperature 
gradients in the thermoelements could be dou- 
bled, the power output could be doubled by the 
addition of a larger radiator. 
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Foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission. Its purpose 
is to assist interested organizations in the task of keeping abreast of new results in 
reactor technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports 
that are judged noteworthy in the fields of power-reactor research and development, 
power-reactor applications, design practice, and operating experience. It is not meant 
to be a comprehensive abstract of all material published during the quarter, nor is it 
meant to be a treatise on any part of the subject. However, related reports from dif- 
ferent sources are often treated together to yield reviews having some breadth of 
scope, and background material may be added to place recent developments in per- 
spective. Occasionally the reviews are written by guest authors. Reviews having un- 
usual breadth or significance are placed at the front of the issue as Feature Articles. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Re- 
views, the overlaps will be motivated by this objective of viewing current progress 
through the eyes of the reactor designer. 

A degree of critical appraisal and some interpretation of results are often necessary 
to define the significance of reported work. Any such appraisal or interpretation repre- 
sents only the opinion of the reviewer and (in the usual case, when the review is written 
by General Nuclear Engineering Corporation staff) the Editor. When the review is pre- 
dominantly interpretive, the reviewer is named; unless identified `às a guest author, he 
is a member of the General Nuclear Engineering Corporation staff. Readers are urged 
to consult the original references to obtain all the background of the work reported and 
to obtain the interpretation of the results given by the original authors. 

For timely coverage, Power Reactor Technology must often review fragmentary ma- 
terial. The fixed subject headings listed below have been adopted in the hope of main- 
taining some continuity and order in the material from one issue to another: all re- 
views except Feature Articles will be arranged under these headings. A particular issue 
will not necessarily contain all the headings but only those under which material is re- 
viewed. 


Economics, Applications, Programs Systems Technology 

Resources and Fuel Cycles Components 

Physics Design and Construction Practice 
Fluid and Thermal Technology Operating Experience 

Fuel Elements Specific Reactor Types 
Materials Specific Applications 

Control and Dynamics Unconventional Approaches 


Containment, Radiation Control, and Siting 
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= Neutron Physics Considerations 
in Large Fast Reactors 


By David Okrent* 


(Editor’s Note: Of all reactor types the fast 
reactor probably depends most strongly for 
successful design on correct and adequate con- 
sideration of the neutron physics relations. We 
are fortunate lo have Dr. Okrent as a guest re- 
viewer for that subject. Because of his long ex- 
perience and his familiarity with a broad range 
of both calculalional and experimental results, 
he has been able to cover even the subller as- 
pects of neutron-physics behavior withoul de- 
manding of the reader more than a qualitalive 
knowledge of reactor physics. We believe the 


*David Okrent received the Mechanical Engineering 
degree from Stevens Institute of Technology in 1943 
and the Ph.D. in Physics from Harvard University in 
1951. Since January 1951 he has been with the Ar- 
gonne National Laboratory. He served as chief physi- 
cist in the design and startup of ZPR-III and as chief 
physicist during the design of EBR-II. As manager of 
the Fast Reactor Safety Program for several years, 
he originated the TREAT Reactor and experimental 
program and also worked on theoretical problems in 
the physics and safety of fast reactors, Dr. Okrent 
became a Senior Physicist at Argonne in 1957 and is 
currently a member of the Laboratory Director’s 
Utfice. He is also a member of the AEC Advisory 
Committee on Reactor Safeguards. 

In 1955 he was a delegate to the first Atoms for 
Peace conference in Geneva. In 1958 he served with 
the United Nations as a Scientific Secretary for the 
second Geneva Conference. In 1961—1962 he held a 
Guggenheim fellowship at the University of Cam- 
bridge. Dr. Okrent is a Fellow of the American 
Physical Society and a member of the American Nu- 
clear Society. He is currently vice-chairman of the 
Mathematics and Computing Division of ANS. 


review will be interesting and useful to the gen- 
eral reader as well as to the reactor physicist, 
and we expect lo make good use of il as a back- 
ground for fulure reviews of progress in fasl 
reactor development.) 


Introduction 


The term “fast reactor” is a broad one, cover- 
ing a host of reactor types and sizes. The 
common attribute of fast reactors has usually 
been taken to be the absence of moderating 
material deliberately introduced to lower the 
neutron energy. The sodium, oxygen, or carbon 
that may be incidentally present does affect the 
neutron energy spectrum, but the moderating 
power of these elements is too small to reduce 
neutron energies to thermal values before cap- 
ture or leakage occurs. In a very small, high- 
metal-density fast reactor, inelastic scattering 
will reduce the average fission energy of about 
2 Mev only to several hundred kilovolts before 
fission or leakage occurs. In a very large 
ceramic-fueled fast reactor, on the other hand, 
a large fraction of the fission events in the 
fissile isotope, such as Pu’? may occur at 
energies between 1 and 100 kv, and some neu- 


TIn conceptual designs of some large metal and ce- 
ramic tueled fast reactors, modest amounts of mod- 
erating material have recently beendeliberately added 
to the reactor core to enhance the Doppler coefficient 
and tomodify other physics parameters. The modera- 
tion introduced is insufficient to thermalize a signifi- 
cant fraction of the neutrons. 
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trons may be found in the few-electron-volt 
range. In general, inelastic scattering is ef- 
fective in reducing the energy of neutrons above 
100 kv. The number of neutrons found much 
below this energy will depend directly on the 
ratio of moderating power to total absorption. 

Fast reactors differ from thermal reactors 
in that the cross sections for fission at these 
energies are of the order of 100 times smaller 
than at thermal energies. However, the high 
concentration of fissionable atoms needed to 
maintain criticality is what permits the use of 
large quantities of structural materials, such 
as steel, in the core with only slight effect on 
the breeding ratio. Per atom, the ratio of cap- 
ture in iron to fission in plutonium is similar 
for fast and for thermal reactors. The effect 
on breeding then depends primarily on the rela- 
tive numbers of atoms of steel and plutonium; 
50 times as much plutonium per unit volume of 
fast reactor core permits the use of 50 times 
as much steel. 

Relatively speaking, the fission and capture 
cross sections are slowly varying inthis energy 
range. There are no huge capture resonances, 
and hence no special reactivity effects are as- 
sociated with xenon and samarium. There is 
no very strong absorber, such as cadmium in 
a thermal reactor, which is black to neutrons 
and from which one can design control rods in 
the form of thin plates. The neutron absorption 
cross section for B! the usual fast reactor 
control-rod poison, is less than 1 barn at 500 
kev. Total cross sections are relatively small, 
and neutron mean free paths are relatively 
long. To a first approximation the reactor can 
usually be considered homogeneous for purposes 
of reactor physics analysis. There are no very 
steep gradients in flux, even near control rods. 

The absence of thermal neutrons means that 
there is no thermal group whose mean energy 
will change with changes in moderator tem- 
perature, Small but important changes in spec- 
trum can occur, however, with gross changes 
in core composition, such as partial or com- 
plete loss or expulsion of the sodium coolant 
from the core. Changes in the relative proba- 
bility of fission and capture with such a shift in 
Spectrum can be accompanied by important 
reactivity effects. 

Fast reactors are relatively small, and, 
excepting the Doppler effect and the spectral 
shift on loss of sodium, most changes in re- 
activity with increase in temperature are as- 
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sociated with changes in leakage probability 
attributable to sodium and fuel expansion or to 
small motions of the fuel elements. A reduction 
in the fuel density in the core leads to a loss of 
reactivity. A reduction in sodium density allows 
more neutrons to leak; however, for large fast 
reactors this reactivity loss may be counter- 
balanced by a reactivity gain associated with 
the hardening of the neutron energy spectrum. 


Table 1 VARIATION IN NEUTRON ENERGY SPECTRUM 
WITH REACTOR SIZE AND COMPOSITION 


Fraction of flux in each range 


Fission Large Large 


Energy range spectrum EBR-II metal oxide 
1 to 10 Mev 0.69 0.20 0.09 0.08 
0.1 tol 0.30 0.70 0.67 0.54 
0.01 to 0.1 0.01 0.10 0.22 0.30 
0 to 0.01 0.02 0.08 


There is a correlation between the size of 
the reactor, its k,,* and the mechanisms of 
control that are available. Very small reactors 
must be highly enriched; they will have a high 
kæ in the vicinity of 2 and hence a high leakage 
probability. Large changes in reactivity can be 
accomplished by the motion of reasonable 
masses of material next to the core, i.e., by 
reflector control. As core size increases, Ræ 
and the probability of neutron leakage de- 
crease. Increasingly impractical quantities of 
reflector material must be moved to achieve 
the necessary degree of reactor control. One 
then ordinarily resorts to fuel removal or the 
introduction of a strong neutron absorber, 
usually B", 


The amount of control required can vary 
considerably with reactor type, design, and 
manner of operation. Things such as tempera- 
ture and power coefficients, internal breeding 
ratio, maximum allowable burnup, and fre- 
quency of partial reloading all play major roles. 


Although cross sections do vary relatively 
slowly, both the absolute and the relative values 
of cross sections change significantly over the 
broad energy range of importance, and this has 
a direct effect on the performance of various 


* The term &,, is the number of neutrons emitted 
per neutron absorbed, averaged over all materials of 
the core. 
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reactors. In Table 1 the relative amounts of 
neutron flux to be found in four different energy 
ranges are given for the EBR-II reactor, for a 
large metal-fueled reactor, and for a large 
ceramic-fueled reactor. In Fig. 1 the neutron 
energy spectra of these reactors are compared 
graphically. The differences are considerable. 
Note that the curves of Fig. 1 represent 
smoothed-out versions of the true spectra. As 
is illustrated in Fig. 2 for an 800-liter metal- 
fueled reactor, the scattering resonances in 
materials like sodium and iron produce many 
more large wiggles in the curve than are shown 
in Fig. 1. 

Many aspects of fast reactor performance 
depend strongly on reactor size and spectrum. 
Some reactors will be sensitive to neutron cross 
sections at high energies, whereas others will 
depend strongly on cross sections below 10 kv. 
The high concentration of fissile isotopes in 
very small reactors may allow the use of con- 
siderable quantities of structural materials that 
have high capture cross sections, whereas in a 


Large Oxide 
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large ceramic-fueled reactor, equal volume 
fractions of the same structural material would 
prove disastrous to the breeding ratio. Similarly, 
the hard spectrum of small reactors will lead 
to small Doppler coefficients, and large reac- 
tors that have some extra moderation may have 
large Doppler coefficients. 

Most of the nuclear safety studies on fast 
reactors in the past! have dealt with moderate- 
sized reactors using one-piece, freely expand- 
ing uranium metal fuel elements. The rapid 
shutoff coefficient with axial expansion, the 
absence of an appreciably positive Doppler 
coefficient, and the presence of a negative re- 
activity coefficient for loss of sodium all helped 
in efforts to demonstrate the safety of this re- 
actor type. 

However, development work for large fast 
reactors today is centered primarily on a re- 
strained metallic fuel element or on some form 
of ceramic fuel, neither of which seems certain 
to provide a reliable, negative, prompt thermal- 
expansion effect on reactivity of sufficient mag- 
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Fig. 1 
oxide-fueled reactor. 


Neutron energy spectra for EBR-II, for a large metal-fueled reactor, and for a very large 
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nitude, Hence attention has shifted, and increased 
importance has been attached, to the Doppler 
effect, which promises to be large, and to the 
sodium void coefficient, which threatens to be 
positive. 

Reviews of physics of small and intermediate- 
sized fast reactors were made by Okrent et al.” 
in 1955, by Codd et al. in 1956, and by Loewen- 
stein and Okrent! in 1958. Several papers on 
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reactors received considerable attention at that 
seminar, as they did at the Conference on 
Breeding, Economics, and Safety in Large Fast 
Power Reactors in 1963.!3 

This review article deals primarily with the 
steady-state nuclear performance character- 
istics of large fast power reactors. The treat- 
ment given is descriptive and qualitative. Most 
of the results used for purposes of illustration 
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Fig. 2 Detailed neutron energy spectrum for a large metal-fueled reactor. 


varied topics in fast reactor physics were given 
at the Second United Nations International Con- 
ference on the Peaceful Uses of Atomic Energy 
in 1958-8 and at the Conference on the Physics 
of Breeding in 1959.° 

A major review of work On small fast critical 
assemblies was given by Paxton! in 1959 and 
in the series of papers by members of the Los 
Alamos Scientific Laboratory in the December 
1960 issue of Nuclear Science and Engineering. 
Fast reactor cross sections were examined in 
detail by Yiftah et al.'! in 1960. The most ex- 
tensive collection of papers in the field of fast 
reactor physics is in the proceedings of a 
seminar, Physics of Fast and Intermediate Re- 
actos, sponsored by the IAEA in Vienna in 
1961.'* Physics problems of large fast power 


are drawn from the published literature. The 
subsections that follow deal with: 

1. The important cross sections of the major 
fissile and fertile isotopes in relation to the 
neutron energy spectrum in typical fast reac- 
tors. The relative reactivity worth and breeding 
potential of the various isotopes are explained 
in terms of these cross sections. 

2. Performance-related characteristics, such 
as breeding ratio, critical mass, and long-term 
reactivity changes, as functions of reactor size 
and composition. 

3. Safety-related characteristics, namely, the 
reactivity coefficients. 

4. A number of design variables and design 
considerations in relation to these neutron 
physics characteristics., Included í among the 
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topics treated are hybrid fuel systems and the 
relative nuclear performance of various clad- 
ding and structural materials. 


Basic Cross Sections 


The fission cross sections for Pu???, U233 
and U235 are plotted in Fig. 3 as functions of 
neutron energy. The cross sections are rather 
flat at high energies and rise slowly with de- 
creasing energy below 100 kv. At low energies, 
U233 is seen to have a considerably higher cross 
section than Pu?*®, The cross section for Pu”! 
is roughly similar to that for U235, 
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Fig. 3 Fission cross sections of u? u235 and Pu?®’?, 


The fission cross sections for Th??, U238 
and Pu% are compared in Fig. 4. The cross 
section for the plutonium isotope, which is very 
similar to that for U?’™%, has a much lower 
threshold energy and a much greater magnitude 
than that for U**®, Thorium has a very high 
threshold energy and a very small cross sec- 
tion, so that fission in thorium will be very 
small, 

The ratios of capture to fission (o) for Pu2%?, 
U233. and U235 are plotted as functions of energy" 
in Fig. 5. This ratio has a major effect on 
breeding potential. Alpha for U?’ is small and 
shows very little variation with energy above 
10 kev. Alpha for Pu2% on the other hand, is 
quite large and furthermore exhibits a large 
change with energy in the vicinity of 50 kv. 
One can expect considerable differences in 
breeding ratio for plutonium-fueled reactors 


NEUTRON PHYSICS CONSIDERATIONS IN LARGE FAST REACTORS 111 


2.5 


Oe barns 





Neutron Energy, Mev 


Fig. 4 Fission cross sections of Th?®? | pss and Pu?4°, 


that have fluxes lying primarily above or pri- 
marily below this energy. 

The capture cross section for U238 is plotted 
in Fig. 6. The capture cross section for tho- 
rium is similar. Over much of the energy 
range, the ratio of capture in the fertile ma- 
terials to the sum of fission plus capture in the 
fissile isotope is roughly 1:10. Hence a fuel 
enrichment of 10% gives an internal breeding 
ratio in the vicinity of unity. 

The number of neutrons emitted per fission, 
v, rises with energy, as is demonstrated!!,!5 
for Pu?’ in Fig. 7. A similar behavior is ex- 
pected for all fissionable isotopes. However, 
the number of neutrons emitted per fission 
varies from isotope to isotope, as is illustrated 
in Table 2 for a specific neutron energy, 
1.5 Mev, 

Direct consequences of the cross sections, 
for example, are that Pu! is more reactive 
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Fig. 5 Alpha for y233 u235 and Pu299, 
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than Pu?’ and that Pu20 is more reactive than 
U, The parameter (VOfission — Ofission — O capture ), 
which provides a partial measure ofthe relative 
reactivity worth of these isotopes, has been 
plotted (per atom) for U?3, U?%, and Pu?®® in 
Fig. 8, and for U? and Pu? in Fig. 9. The 
curve for thorium would be similar to that for 
U23383. except that it would show less rise at 
higher energies because of its smaller fission 
cross section. Of course, below the threshold 
energy for fission, the parameter is negative 
(= — G.) for the fertile isotopes. 

The same parameter has been averaged over 
the core spectrum for four reactors that have 
widely different spectra. The results are listed 
in Table 3 for U23838. pu239 pu%4? and Pu!, The 
rapid variation with reactor spectrum for 
threshold fissionable materials is obvious. In- 
deed, for large reactors, where the effect of 
scattering on neutron leakage is not very great, 
the total reactivity effect of the U238 in the core 


2.5 


m 


2.0 


1.5 


Op » barns 


QS 


103 104 10° 106 107 


Neutron Energy,ev 


u238 


Fig.6 Capture cross section oÍ 
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Table 2 NEUTRONS EMITTED PER FISSION (v) 
PRODUCED BY 1.5-Mev NEUTRONS 


Isotope V 
Thorium 2.2 
us 2.66 
y235 2.58 
U 2.57 
pu239 3.09 
pu24 3.1 
pu241 3.2 
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Fig. 8 Reactivity parameter (voy — o; — o,) tor us, 
U?35, and Pu238, 
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Fig.9 Reactivity parameter (vo, — OF — o.) for U238 
and Pu?4?, 


may be a loss oí reactivity; in other words, 
reactors that have less U 38 in the core will 
have a lower critical mass, other things being 
equa1. 

The breeding ratio oí any particular reactor 
can be expressed by the formula 


Spring 1964 


V-1l1—a-A-—-L+(v'—-1)F 


Breeding ratio = TF 


where the numerator measures the number of 
neutrons left for breeding purposes (by capture 
in fertile material) per fission in the thermally 
fissionable isotope. The symbols A, L, and F 
each signify the number of neutron events of a 
specific kind per fission in the thermally fis- 
sionable isotope. A is the parasitic absorption 


Table 3 AVERAGE VALUES OF (vo; — a, — oç) 
IN SEVERAL FAST-REACTOR SPECTRA 





Reactor 

spectrum 
type U238 pu??? pu20 pu241 
EBR-II 0.03 3.47 1.05 4.00 
Fermi —0.06 3.39 0.66 4.25 
800-liter metal —0.19 3.44 0.26 5.13 
1500-liter oxide —0.19 3.44 0.22 5.24 
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of neutrons in nonfissile and noníertile ma- 
terials, L is the leakage of neutrons from the 
blanket, and F is the number of fissions in fer- 
tile material, each giving off v’ neutrons. 


The term [(v— 1 —o)/(1 + a)] measures the 
breeding potential of the primary fissionable 
material. The term (v’ — 1)o;;,.,,, measures the 
fast fission bonus to breeding from the fertile 
material. These terms, averaged over the spec- 
tra of four different reactors, are compared 
for the appropriate isotopes in Table 4. For 
these reactors Pu233 and Pu”! have a consider- 
ably greater breeding potential than that of U 233, 
The breeding potential for U235 is below all of 
these. All the isotopes show some loss of 
breeding potential as the neutron spectrum is 
lowered, However, since the alpha for U233 is 
relatively flat with neutron energy, it is possible 
that for intermediate spectrum reactors having 
an average energy considerably lower than any 


Table 4 BREEDING POTENTIAL OF VARIOUS ISOTOPES 
IN DIFFERING SPECTRA 


Reactor 


(yy — 1)ay 





(v-l-a)/lt+a 
spectrum = u z eh ES, 
pu??? pu241 U235 U235 y238 Py240 Py 242 Th 
EBR-II 1.79 1.86 1.44 1.17 0.19 1.35 1.30 0.034 
Fermi. 1.71 1.81 1.39 1.12 0.12 1.01 0.98 0.021 
800-liter metal 1.56 1.76 1.33 1.04 0.081 0.75 0.72 0.014 
1500-liter oxide 1.55 1.75 1.32 1.03 0.087 0.71 0.69 0.015 


Table 5 NEUTRON BALANCE FOR 800-LITER 
METAL-FUELED REACTORS* 


(On Basis of 1 Fission in Plutonium 


25% steel 25% tantalum 
in core in core 
Core Blanket Core Blanket 

Fissions in Pu??? 1.0 1.0 
Captures in Pu??? 0.19 0.17 
Fissions in U238 0.21 0.076 0.13 0.051 
Captures in U238 0.87 1.29 0.44 0.75 
Na captures 0.005 0.001 0.001 
Structural captures 0.053 0.023 0.90 0.013 
Neutrons escaping 

from blanket 0.038 0.025 
Ratio of fertile 

to fissile 

atoms in core 7.9 5.5 


*Core contains 25% fuel (Pu239 + u25*), 25% structure, and 


30% sodium. Blanket is 45 cm thick and is well reflected. 
Blanket contains 60% yess 20% steel, and 20% sodium. 


of those examined in Table 4, the breeding po- 
tential for U2? will exceed that of Pu238, 


Among the fertile materials Pu? can provide 
a much greater fast fission bonus than that of 
U?8 | thanks to its higher fission cross section. 
The fast fission bonus from thorium is very 
small. 


Some orientation as to the relative size of 
different contributions to the breeding ratio 
formula, given earlier, can be obtained from 
Table 5. The neutron balance for an 800 liter 
metal-fueled reactor, having an efficient well- 
reflected blanket, is presented here for two 
cases involving different structural and cladding 
materials—steel and tantalum. Capture in the 
sodium is very small, but the structural para- 
sitic absorption depends very strongly on the 
material used. Leakage from the blanket can 
be kept small, but whether (it is\economical to 
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do this must be evaluated separately. An ap- 
preciable fast fission bonus is achievable with 
either structural material, 


Performance: Related 
Characteristics 


Critical Mass and Breeding Ratio 


Knowledge of the critical mass and breeding 
ratio is basic to a determination of the economic 
performance of a fast reactor. The total fuel 
inventory will consist of a critical mass plus 
the requirements for fuel held up in cooling, 
shipping, reprocessing, refabrication, etc. Fre- 
quently an estimate of two critical masses as 
the total inventory is made for computing in- 
terest charges on the fuel. 

The breeding gain (i.e., the breeding ratio 
minus 1) enters into a determination of reactor 
income through sale of excess fissile isotope. 
Also, for a given specific power (Say, in units 
of kilowatts per kilogram of fissile isotope) the 
doubling time of the reactor is inversely pro- 
portional to the ratio of the breeding gain to the 
critical mass.'® 

Breeding may take place primarily in the 
core, primarily in the blanket, or may be di- 
vided roughly equally between the two, depend- 
ing on reactor design. From the long-term re- 
activity point of view, an internal breeding ratio 
of about unity is desirable. However, accom- 
plishing this characteristic may lead to an un- 
desirable safety-related effect, namely, a so- 
dium reactivity coefficient that corresponds to 
an increase of reactivity upon loss of sodium. 
This will be discussed later. 

The performance of a broad range of large 
fast power reactors was computed by Yiftah and 
Okrent!’ in 1960, using cross sections repre- 
senting the then best evaluation of available 
cross-section measurements.!! Some repre- 
sentative results are reproduced herein to 
demonstrate performance trends. The calcula- 
tions were all made in Spherical geometry on 
reactor systems having typical but arbitrary 
compositions. The breeding ratio has been de- 
fined as the ratio of thermally fissionable iso- 
topes made to those used, and the breeding 
ratio and critical mass of thermally fissionable 
isotopes are for the new, clean just-critical 
reactor. The details of geometry, composition, 
and density are given in Table 6. 
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Equal core volume does not signify equal 
reactor-power capability for different kind; 
of fuel. It should also be observed that th: 
blanket material was always assumed to b»: 
metallic, and that the blanket fertile material 
volume fractions used in these calculations ar: 
quite high, probably too high when one allow: 
for the low-density blankets usually required 
in the path of core coolant flow. The core vol- 
ume fraction of 0.25 for structural material 
may also be on the high side. No allowance 
could be made in these idealized calculations 
for control-rod holes and transition regions, 
However, for reactors using stainless steel as 
the structural material, the results obtained 
are nevertheless typical. 

The critical mass, breeding ratio, internal 
breeding ratio, and average alpha of Pu239 are 
listed for Pu239_U238 metal-, oxide-, and carbide- 


Table 6 REACTOR SPECIFICATIONS FOR 
PERFORMANCE CALCULATIONS" 


Core volume fractions 


Fuel and fertile material 0.25 
Structural material 0.25 
Sodium 0.5 
Assumed density fuels, g/cm? 
pu-U238 19.0 
U235_ [238 18.7 
PuO,-UO, 8.4 
PuC-UC 11.4 
Thorium 11.6 
ThO,-UO, 8.4 
Blanket thickness, cm 45 (U); 
54 (Th) 
Blanket volume fractions 
U238 or Th 0.6 
Steel 0.2 
Sodium 0.2 


fueled reactors as functions of core volume in 
the first section of Table 7. 

The plutonium is pure Pu’, The critical 
masses rise with reactor size, whereas the 
breeding ratios fall off slightly because of a 
rise in alpha of Pu’, with a degradation in 
average neutron energy. The absence of a 
moderator such as oxygen or carbon and the 
higher concentration of a strong absorber such 
as U?’ both cause the metal-fueled reactor to 
have fewer neutrons in the low energy range. 
Consequently the average alpha is lower for the 
metal fuel. This factor, plus the larger fast 
fission bonus that accompanies a higher con- 
centration of U°9 leads to a considerably 
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higher breeding ratio for the metal fuels, other 
things being equal. 

A similar set of results for U**-thorium 
fueled reactors is also listed in Table 7. For 
these reactors the breeding ratio is found gen- 


erally to lie between 1.2 and 1.3. Alpha for 
U233 is found to vary only slightly over the wide 
range of reactors studied. The breeding ratio 
is lower for these reactors than for the Pu239- 
U? fueled systems, not only because of the 


Table 7 PERFORMANCE CHARACTERISTICS OF FAST REACTORS* USING 
STEEL STRUCTURE, SODIUM COOLANT, AND METAL, OXIDE, OR CARBIDE FUEL" 


(See Table 6 for Reactor Specifications) 


Reactor core Critical Internal a of 
volume, mass, Breeding breeding fissile 
liters Fuel kg ratio ratio isotope 
U238_pu235 Fuel 
800 Metal 430 1.82 0.73 0.19 
Oxide 370 1.55 0.31 0.23 
Carbide 400 1.62 0.46 0.22 
1500 Metal 690 1.79 0.91 0.20 
Oxide 560 1.47 0.44 0.25 
Carbide 610 1.56 0.61 0.24 
2500 Metal 1030 1.76 1.04 0.21 
Oxide 810 1.42 0.54 0.27 
Carbide 900 1.52 0.73 0.25 
U238_ (235 Fuel 
800 Metal 650 1.32 0.49 0.21 
1500 Metal 1010 1.30 0.62 0.22 
Oxide 790 1.09 0.27 0.24 
Carbide 860 1.15 0.40 0.24 
2500 Oxide 1110 1.05 0.35 0.25 
Th-U233 Fuel 
800 Metal 450 1.29 0.38 0.09 
Oxide 370 1.23 0.27 0.10 
Carbide 410 1.26 0.38 0.10 
1500 Metal 680 1.28 0.50 0.09 
Oxide 540 1.21 0.39 0.11 
Carbide 620 1.24 0.52 0.10 
2500 Metal 970 1.28 0.61 0.09 
Oxide 760 1.19 0.49 0.11 
Carbide 890 1.23 0.62 0.11 
Th-U235 Fuel 
800 Metal 790 1.03 0.28 0.20 
1500 Metal 1190 1.02 0.37 0.20 
Carbide 1060 0.97 0.36 0.23 


Breeding ratio = U238 (or Th232) captures in reactor 
P Pu“ (or U 


or U 


) captures + fissions in reactor 


Internal breeding _ production of thermally fissionable isotopes in core 
ratio destruction of thermally fissionable isotopes 


O capture 


T fission 


* All reactors have 25% fuel, 25% steel, and 50% sodium in the core. Blankets 
have 60% fertile isotope (metallic), 20% steel, and 20% sodium. Calculations were 


made in spherical geometry. 
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reduced breeding potential of U?” at these neu- 
tron energies but because of the very small 
fast fission bomus obtained with thorium as the 
fertile material in the core. 


For comparative purposes the performances 
of some U-**-fueled reactors are also given in 
Table 7. In general, with U?” the critical mass 
is higher and the breeding ratio lower. This is 
directly attributable to its smaller fission cross 
section, its smaller ; relative to that measured 
for Pu”, and its higher a relative to that for 
t 


Effects of Fission Products 


The detailed capture cross sections of all 
the fission products have not been measured, 
but one can make theoretical estimates there- 
of.: The effect of fission products on breed- 
ing ratio and critical mass are listed in Table 8 
for typical metal-, oxide-, and carbide-fueled 
plutonium reactors of 1500 liters core volume.“ 
In each case the same number of fission prod- 
ucts, 0.0008 < 10 atoms cm’, have been added 
to the core. This many atoms would accumulate 
if 3 `: of the combined Pu - U™ had fissioned 
in the metal reactor considered. The cor- 
responding heavy atom burnup is 8.6% for the 
carbide case. The effect on breeding of this 
considerable fission-product accumulation is 
small, although not negligible. 

The performance of reactors lacking any 
internal breeding is not examined here in de- 
tail. Enriched oxide or metal dispersions in a 
matrix of stainless steel would fall into this 
category. In large sizes, reactors of this type 
will generally have much lower critical masses 
and much lower breeding ratios. In a very 
large reactor, capture in U`” or thorium causes 


F FPISSKUN PRODUCTS 


Tate 5 EFRECT o 
z - 28 3 


- - 
TAR oe 3. 5 <— 


IN PERF O SYVANCE OF 15 LITER REACTORS"= 


Cria mass Breecitz ra:.- 
Ali Win 
React: Z `= us sy = Nes tissilt 
TTE a E 7 rr l. ts recit UIN NME 
Wet. oe Ss L. 13 oe 
I = a= a x 
E TA Taa 1.4 a 
wa Se = so I = 1.47 
°. xk ~ - == - = SS oe = — baci = 
3 TESS > Bate of Te... ->È Stet. 228 Fr x <l O. 
=-= re Ha - F ota ~ - — — m a 
pre - + 2 = ee SD < ek VS ara + t a as ah - = 
STSE LL y" LT SCL 


Vol. 7, No. 2 


the reactor to lose reactivity, hence the reduc- 
tion in critical mass for systems without fertile 
material in the core. However, there is a 
nearly complete loss of fast-fission bonus (a 
small blanket contribution remains), and para- 
sitic capture in plutonium fuel would rise ap- 
preciably. The result can be a drop of 0.6 in 
the breeding ratio of the usual plutonium metal- 
fueled system. A U-*!-fueled reactor would not 
be hurt as much on breeding ratio. 


Long-Term Reactivity Effects 


The reactivity loss associated with a net 
uniform burnout of a fraction =M, A. of the 
original critical mass is given approximately 
by the relation 


ae : 
FAL AL 7 0.4 to 0.5) 
z burnup of fuel ailoy 


M = M. = 
pe = cus Ne Sarieaneat ot fuel alloy 





| 
x G = mE (1 - a1 — IBR) 


where F.. = fissions in core fertile isotopes per 
fission in core fissile isotopes 
Qa = ratio of capture to fission in fissile 
isotope 
IBR = internal breeding ratio = (fissile 
atoms produced in core) [fissile 
atoms destroyed :by capture and 
fission. in core, 


In this report burnup means fission. The 
definition of IBR used herein applies to this 
formula, even if some thermally fissile isotope 
exists and is destroyed in the blanket. The real 
definition of the term “internal breeding ratio” 
becomes somewhat obscure in that event. 

The change in reactivity is a function pri- 
marily of the product of the percent burnup of 
fuel alloy and the term .1 — IBR). Of course, if 
the fissile isotope produced is different from 
that destroyed, the relative reactivity worths of 
the two isctapes must be factored into the 
equation, 

Radial growth of the fuel within its jacket 
under irrad3tien snould produce only slight 
reactivity effects, corresponding to a small 
displacement of sahum bond, for example. 
Amal growth, an the ather hand, corresponds 
to a net reduction in the fuel density in the 
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overall core. Its reactivity effect can be esti- 
mated roughly by a relation like 


eee 
+ ~ 0.3 L 


where 6L/L is the fractional increase in core 
length with fixed core radius and fixed mass of 
fuel. The numerical coefficient in the equation 
will vary with parameters like core size and 
ratio of core height to diameter. 
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strongly toward placing conservative limits on 
the shim reactivity requirements. Partial re- 
loading helps in this respect but not without 
costs in shutdown time. (Fortunately, there is 
no xenon-override problem.) But a constant 
reactivity core seems highly desirable, and, in 
principle, it is not beyond reach in large fast 
power reactors. Internal breeding ratios can 
be raised simply by increasing either the den- 
sity or volume fraction of the fuel mixture. 
There is relatively little change in critical mass 


Table 9 LONG-TERM REACTIVITY EFFECTS** 


Internal Atoms/cm3 
Breeding breeding of Pu + U 
Reactor type ratio ratio (x 1074) 
800-liter metal 1.82 0.73 0.012 
1500-liter oxide 1.47 0.44 0.00467 
1500-liter carbide 1.56 0.61 0.0069 


k/k 
Burnup, Buildup Fission 
% of Pu + U Burnout in product 
fissioned in core blanket buildup Total 
5 —0.054 +0.026 —0.017 —0.045 
10 —0.169 +0.025 —0.037 —0.181 
10 —0.147 +0.031 —0.028 —0.144 


* All reactors have 25% fuel, 25% steel, and 50% coolant in the core. 


The long-term reactivity losses due to a net 
burnup of fuel and fission-product accumulation 
in the core, and the reactivity gain due to 
buildup of plutonium in the blanket, have been 
listed for three typical reactors” in Table 9. 
Heavy atom burnups of 5% for the metal fuel 
and 10% for the oxide and carbide have been 
arbitrarily chosen for purposes of illustration. 
The major reactivity loss lies in net core burn- 
up for all three reactors. The loss is huge for 
the oxide and carbide since the chosen com- 
positions yield relatively low internal breeding 
ratios. The fission-product buildup has only a 
moderate effect on reactivity and is approxi- 
mately balanced by the gain associated with 
blanket plutonium buildup. 

Changes in plutonium isotopic composition 
with recycle affect the long-term reactivity loss 
by changing the net core burnup of fuel. The 
reactivity loss is generally greater for pure 
Pu`39 than for the equilibrium plutonium mixture 
obtained with recycle. The difference between 
the two is about the same order of magnitude 
as the loss due to fission-product accumulation.” 

Even a 2 or 3% reactivity loss can be a con- 
siderable amount to balance with control rods 
in a fast reactor. The small core dimensions 
and the unavailability of strong absorbers for 
control-rod materials, coupled with complicat- 
ing considerations of reactor safety, all tend 


or Overall breeding ratio as a consequence. The 
move would be an obvious one except for the 
adverse effect it has on a vital dynamic char- 
acteristic, the sodium reactivity coefficient, 
which will be discussed in the following section. 


Safety-Related 
Characteristics 


The prompt-neutron lifetime in fast reactors 
is relatively short, i.e., the time between suc- 
cessive generations of neutrons emitted 
promptly at the time of fission will usually be 
less than 5 x 107” sec. For such a reactor an 
excess reactivity of only 0.0035 k/k above 
prompt critical would lead to a doubling of the 
power every 100 usec. Hence any single super- 
prompt-critical burst in a fast reactor will take 
its course long before mechanically induced 
control-rod motion can be effective, and the 
inherent fast-acting reactivity coefficients of 
the reactor will determine whether the burst 
will be terminated without excessive damage 
or will lead to a violent disassembly with pres- 
sures comparable to those generated by a high 
explosive. 


Thus nuclear safety must be factored into the 
design of the fast reactor from its very incep- 
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tion. A major portion of this safety considera- 
tion deals with the three reactivity coefficients 
due to fuel expansion, to coolant expansion, and 
to the Doppler effect. 


Fuel Expansion 


Fuel expansion leading to an increase in core 
length and a decrease in fuel density reduces 
reactivity. For a one-piece, unrestrained me- 
tallic fuel pin in a reactor such as EBR-II, this 
mechanism provides a large, negative prompt- 
acting reactivity effect that plays a major role 
in guaranteeing the safety of the reactor. Cal- 
culations indicate that the fuel expansion effect 
for a fuel element of similar type in a large 
reactor having a core height-to-diameter ratio 
of unity would still be appreciable, as is illus- 
trated23 in Table 10. For pancake-shaped reac- 
tors with an H: D ratio of ‘4, however, the fuel 
expansion reactivity coefficient may be much 
reduced, 


Table 10 FUEL EXPANSION REACTIVITY 


COEF FICIENTS*?8 
Core size, AR/k x 108 
liters H:D AT 
50 1 —4.5 
A -0.9 
3000 Í —3.4 
Y —0.9 


*All reactors contain 25% PucC-Ušz38C, 
16% steel, and 59% Na in the core. 


Unfortunately most of the fuel-element types 
actively under development for use in large fast 
power reactors may be unable to provide a 
large prompt-acting axial expansion of the fuel. 
The fuel may be restrained, preventing axial 
motion, It may be multipiece with no definite 
average reduction in fuel density upon local 
expansion. It may crumble or crack with ir- 
radiation and thermal cycling. Care must be 
taken to ensure that fuel motion with heating 
does not add reactivity for some fuel-element 
types. 

Sodium Void Reactivity Effects heen 

The loss of some or all the sodium from the 
reactor influences reactivity in three ways: 

— Less neutrons are captured in sodium, 
adding reactivity. This is generally a small 
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effect, since the sodium capture cross section 
is very small. Sodium has a large resonance 
at 3 kev, however, and the reactivity gained 
from the reduction in absorption cannot be 
neglected for large ceramic-fueled fast reac- 
tors. 


— Neutrons tending to escape from the core 
will no longer be scattered into different direc- 
tions by the sodium. Their leakage probability 
is increased, and their reactivity is decreased. 
The major contribution to this effect will come 
from the sodium near the core boundary; a 
change in neutron direction near the core center 
has less influence on the chance of its leaking. 
Small reactors having more leakage will be 
more sensitive than large reactors to the change 
in scattering probability. Reactors in which 
sodium contributes a higher fraction of the 
scattering will have a greater increase in neu- 
tron leakage with sodium loss. 


— The loss of inelastic scattering and elastic 
moderation by the sodium results in a harder 
neutron energy spectrum. Fission becomes 
more probable in the fertile isotopes like U?” 
and Pu? and capture and fission in all isotopes 
occur at a higher average energy. However, 
the capture cross section of Pu?*® falls off much 
more rapidly with increasing energy than does 
the Pu239 fission cross section, as do also the 
capture cross sections of most other highly 
absorbing isotopes, for example, niobium and 
U23383. Hence the average number of neutrons 
produced per absorption (fission and capture) 





Neutron Energy , Mev 


Fig. 10 7 as a function of neutron energy for 150v- 
liter plutonium carbide-fueled reactors with steel or 
niobium structure. 7 is the average number of neu- 
trons emitted per absorption in all core materials. 
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in all core materials rises as the spectrum 
hardens, and this effect generally produces a 
reactivity gain, The effect is illustrated in Fig. 
10 for 1500-liter reactors fueled with PuC-UC 
and using steel or niobium as the structural 
material.'’? Using more sophisticated calcula- 
tion techniques,’ Hummel et al.” recently 
reported a similar result, as illustrated in Fig. 
11, where the adjoint flux (i.e., the relative 
reactivity worth of a neutron) is plotted for two 
large oxide-fueled reactors. The situation is 
much aggravated when the enrichment is re- 
duced, or when Pu?“ and fission products are 
present. 


The net sodium void reactivity effect will be 
negative if the contribution from enhanced neu- 
tron leakage predominates. This is the case 
for the EBR-II and the Enrico Fermi reactors. 
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Fig. 11 Adjoint flux (neutron reactivity worth) for 
large Pu239O,-U238O, fueled reactors. (Reactors have 
70 vol.% sodium effect of Pu“ and fission products if 
not included.) 


As is shown in Fig. 12, the sodium void coef- 
ficient becomes less negative (or more positive) 
as reactor size is increased for a givenreactor 
composition.'? For each composition there is 
some size at which the spectral effect pre- 
dominates and the net effect becomes positive. 
The reactors of Fig. 12 are fueled with 
plutonium-uranium metal, using steel or nio- 
bium as the structural material. Sodium oc- 
cupies 50% of the core. With steel structure 
the threshold for a positive coefficient is about 
1200 liters, whereas with niobium the threshold 
falls below 500 liters. The calculations were 
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Fig. 12 Reactivity change effected by removal of 
40% of sodium from plutonium-metal-fueled cores 
with steel or niobium structure. 


made in spherical geometry, and the sodium 
coefficient was computed for the loss of core 
sodium only. 

When a fuel material of lower density is used, 
less U238 will be present in the fuel elements, 
and the sodium void coefficient turns positive 
at a larger core size. In Fig. 13 the coefficient 
has been plotted against reactor size for some 
specific carbide- and oxide-fueled reactors. In 
the case of PuC-UC the threshold volume for a 
positive coefficient was calculated to be near 
2000 liters, whereas for the oxide it was above 
3000 liters. 

The spatial dependence of the sodium void 
coefficient is also an important consideration. 
As shown in Fig. 14, Nims and Zweifel” cal- 
culated that the net coefficient for the Fermi 
reactor was negative at all core radii. In this 
relatively small U235-fueled* reactor, spectral 
hardening was calculated to cause a reactivity 
loss rather than a gain. In a larger reactor 
fueled with PuO, dispersed in a uranium- 
molybdenum matrix, however, as is shown in 
Fig. 15, only neutron leakage contributed nega- 


* The flatter variation of œ with energy and the 
rapid fall of oy with increasing neutron energy for 
energies below 300 kev with U235 lead one to expect 
this isotope to be less inclined toward positive so- 
dium coefficients than is Pu239, 
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tively to the sodium void coefficient. The net 
coefficient varied from highly positive at the 
core center to slightly negative atthe core edge. 


Hence for a reactor having a zero value for 
the overall sodium coefficient, there is astrong 
positive component from the inner portions of 
the core which is balanced by a negative con- 
tribution from the blanket and from outer parts 


No Void Coefficient 





500 1500 2500 3500 


Core Volume, liter 


Fig. 13 Sodium coefficient as a function of core vol- 
ume for oxide and carbide-fueled reactors. (Reactor 
composition is 25% fuel, 25% steel, and 50% sodium.) 


of the core. Thus expulsion of sodium initially 
from the center of the core can lead toa re- 
activity excursion, This effect is illustrated”? 
in Fig. 16. The change in reactivity with pro- 
gressive axial loss of sodium is plotted for 
each of two oxide-fueled reactors. In Case A, 
where a total loss of sodium leads to a gain of 
reactivity of 0.008 Ak/k, there is a peak gain 
of more than twice this amount when two-thirds 
of the core is the only region voided. Case B 
describes a reactor to which some beryllium 
oxide has been added. The addition of this 
Small amount of moderator serves two pur- 
poses, First, it makes the sodium coefficient 
less positive by shifting the neutron energy 
spectrum downward and by reducing the de- 
pendence of the spectrum on the presence or 
absence of sodium. Second, by increasing the 
fraction of low-energy neutrons present at all 
times—both in the presence and absence of 
sodium — it ensures a considerably larger nega- 
tive Doppler coefficient than would be present 
in Case A. However, the beryllium oxide ad- 
dition has a bad side effect. The breeding ratio” 
drops from about 1.3 to about 1.1. 


Vol. 7, No. 2 


If the magnitude of the reactivity which might 
be gained through the loss of sodium were 
always less than that which could be balanced 
by other reactivity effects, the sodium void re- 
activity effect might not assume very great 
importance in large fast power-reactor design. 
However, one generally has only a fraction of 
1% Ak/k available for shutdown from the Dop- 
pler effect or from fuel expansion, even if the 
latter mechanism is still operative at high fuel 
temperatures. On the other hand, the reactivity 
gains from the total loss of sodium have been 
calculated to be well in excess of 3% Ak/k for 
some core compositions in large sizes. 

What are the avenues available if one wishes 
to achieve a negative sodium coefficient, or a 
coefficient that is only slightly positive, in a 
1000-Mw(e) reactor fueled with plutonium plus 
U??? Core volumes ranging from 3000 to 6000 
liters and perhaps more are needed for such an 
output. 

As shown?’ in Fig. 17, the sodium coefficient 
depends strongly on the sodium volume fraction 
for a given core composition and volume. For 
compositions typical of large reactors, the 
sodium coefficient is slightly positive for small 
sodium volume fractions, increasing as the 
volume fraction of sodium is increased, until, 
somewhere between 50 and 70 vol% sodium, 
the coefficient falls sharply and becomes nega- 
tive. The greater the core height (the greater 
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Fig. 15 Components of sodium density coefficient of 
reactivity for a 800-liter cermet-fueled (PuO, in U238 
+ Mo) reactor as a function of core radius. 


the core volume) the greater the sodium volume 
fraction needed to achieve a negative sodium 
coefficient. 

Figure 17 is for oxide-fueled reactors. For 
plutonium- U238 metal-fueled reactors that have 
the same overall volume fractions in the core, 
the sodium coefficients would be more positive 
for each reactor design, thanks to the higher 
concentration of U?* in the fuel. 

The high sodium volume fractions necessary 
to give a negative coefficient will lead to re- 
duced breeding ratios. A lower fast fission 
bonus from the U’% is a major cause. The ef- 
ficiency of the blanket for capturing neutrons 
may also be impaired. And the internal breed- 
ing in the core will drop in direct relation to 
the ratio of U? to Pu?®® leading to greater 
reactivity losses for the same degree of heavy 
atom burnup. 

Also, high sodium volume fractions may lead 
to undesirably large positive reactivity con- 
tributions, in the event that only the central 
regions of the core should lose sodium. 

Various geometric configurations may afford 
the opportunity of tailoring the sodium coeffi- 
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cient to more desirable specifications. Pancake- 
shaped, or thin, annular cores lead to higher 
enrichment, greater neutron leakage, and hence 
some improvement in the sodium coefficient. 

Calculations indicate that the reactivity effect 
due to loss of sodium from the core alone tends 
to be relatively insensitive to the blanket de- 
sign28,30 However, the reactivity loss accom- 
panying loss of sodium from the blanket is quite 
large for a relatively thin blanket having a high 
volume fraction of sodium. Unfortunately such 
a blanket is not efficient in capturing neutrons, 
and its use might lead to an appreciable reduc- 
tion in breeding ratio. Modifications in the re- 
lation between blanket and core, i.e., the intro- 
duction of a sodium transition region between 
the two, may be a better way to help achieve an 
Overall negative sodium void effect. 

At the Argonne conference on large fast power 
reactors! in October 1963, studies were re- 
ported by Cohen?’ and by Zaleski?! on the safety 
characteristics of large fast reactors having 
positive sodium void effects. Zaleski found that 
with a large negative Doppler coefficient the 
reactor would still be stable in the presence of 
a positive sodium void coefficient. Cohen and 
Zaleski both found that the course of anaccident 
involving the expulsion of sodium by boiling de- 
pends very strongly on the manner in which the 
sodium is lost from the reactor. For a mild 
power transient or a partial loss of flow, boil- 
ing might be limited to the upper core regions 
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Fig. 16 Spatial dependence of reactivity change for 
progressive axial loss of sodium, starting at core 
midplane. (Case A is a large oxide-fueled reactor. 
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been added to improve Doppler and sodium density 
coefficients.) 
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and upper blanket. In this case boiling would 
decrease reactivity. However, model experi- 
ments, using water,’ have exhibited a chugging 
behavior that leads to periodic voiding of the 
central regions of subassemblies; hence further 
study is needed here. 

For the hypothetical accident involving full 
loss of coolant flow and a delay in scram, boil- 
ing may begin at the core center. The course 
of such an event would depend strongly on the 
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Fig. 17 Sodium coefficient as a function of core height 
and sodium volume fraction for pancake-shaped reac- 
tors (vol.% fuel/vol.% steel = 2). 


magnitude of the Doppler effect and the varia- 
tion in sodium void reactivity effect with posi- 
tion in the reactor.”? 

Clearly, intensive study is needed on the role 
of positive sodium void effects in the safety of 
large fast power reactors. If, in order to go to 
the 1000-Mw(e) size, one has to pay a large 
penalty in the form of reduced breeding ratio, 
higher fuel-cycle costs, or greater capital in- 
vestment for containment purposes, it may be 
that two 500-Mw/(e) reactors at a common site 
will prove more desirable. Or an increased 
emphasis on higher power densities, leading to 
smaller reactor sizes, may result. 

In any event, it is clear that the determina- 
tion of the sodium void effect, the evaluation of 
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the effect to determine what are its acceptable 
magnitudes, and the accomplishment of ac- 
ceptable effects without spoiling other reactor 
performance characteristics combine to form 
one of the major reactor physics problems of 
large fast power-reactor design today. 


Other Coolants 


Since the positive character of the sodium 
void coefficient is introduced primarily by its 
moderating power, it might be expected that 
this effect would be alleviated with the use of a 
heavy coolant. Calculations have been made of 
coolant void coefficient for several large reac- 
tors cooled with a lead-bismuth eutectic.’” 
These magic number elements have low neutron- 
capture cross sections and high thresholds for 
inelastic scattering, making them ideal in this 
respect. Highly negative coolant void coeffi- 
cients were obtained with lead-bismuth for re- 
actors in which sodium coolant would lead to a 
highly positive coefficient. A coolant like potas- 
sium should also have a less positive tendency 
than sodium. 

Lithium has also been examined as a potential 
fast reactor coolant.** As one expects, even the 
weakly absorbing Li! isotope gives a more 
positive coolant void coefficient in large reac- 
tors than sodium, as a consequence of its 
stronger moderating powers. The presence of 
Li® isotope in small amounts in the lithium 
makes the situation still less attractive. Since 
Li® is a strong neutron absorber, its explusion, 
of course, leads to considerable reactivity 
gains. 

Fast reactors cooled with helium gas or 
carbon dioxide are not expected to have sizable 
reactivity effects associated with coolant pres- 
sure changes.“ Fast reactors cooled with steam 
or water at supercritical pressure, however, 
apparently can face a problem Similar to that 
encountered with sodium. 


Doppler Effect one 


Heating of the fuel changes the velocity of 
atomic vibration, leading to a changed distribu- 
tion of relative velocities between neutron and 
atom. Any self-shielding in cross-section reso- 
nances is reduced, and the increased reaction 
rates are reflected in reactivity changes. If 
only fissile material is heated, it has been ex- 
pected that a gain in reactivity would result, 
due to the increased probability of absorption 
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compared to leakage. When an isotope like U238, 
having a high cross section for neutron capture, 
is intimately mixed with the fissile isotope in 
sufficient quantity, the Doppler effect associated 
with fuel heating will lead to a reactivity loss. 

The EBR-I reactor with the Mark I and II 
loadings exhibited a prompt positive power coef- 
ficient of reactivity’? that was thought possibly 
to arise from a positive Doppler coefficient. 
Although later experiments demonstrated that 
the positive coefficient arose from bowing ofthe 
fuel rods, “í attempts were made to calculate 
and to measure‘’’“® a Doppler effect. The re- 
sults of both calculation and experiment indi- 
cated that the Doppler coefficient was so small 
as to be negligible in EBR-I. 

Self-shielding of resonances is small at the 
higher neutron energies. A greater resonance 
width, a higher level density, and a reduced 
resonance strength combine to produce a gen- 
erally overlapping character. In reactors of 
moderate size such as the EBR-II and the 
Enrico Fermi, with relatively high fuel en- 
richment and a hard neutron energy spectrum, 
the Doppler effect on reactivity is believed to 
be small, much smaller than the negative re- 
activity effect of fuel expansion for these re- 
actors. 

In large fast reactors, on the other hand, 
particularly those fueled with a ceramic such 
as the oxide or carbide, the ratio of moderating 
power to neutron absorption is large enough to 
provide significant fractions of neutrons below 
10 kev, andthe Doppler effect can be appreciable. 
Doppler coefficients such as —1 x 10™ Ak/k 
per °C at fuel operating temperatures have been 
calculated for some designs.”’ Such a reactor 
would lose about 0.015 Ak/k when the fuel went 
from room temperature to operating tempera- 
tures, and would lose about 0.007 Ak/k when 
the fuel went from operating temperatures to the 
melting point. In this temperature range the 
Doppler coefficient of such a reactor falls off 
with rising temperatures roughly as 1/T. 

A prompt-acting, large negative Doppler coef- 
ficient imposes some extra control require- 
ments. However, it affords a powerful tool for 
reactor safety and eases the problem of reactor 
stability.*! It reduces the chances that the ac- 
cidental rapid insertion of reactivity will lead 
to excessive fuel temperatures. If the accident 
is so severe that explosive pressures and violent 
disassembly are needed to terminate the affair, 
an appreciably negative Doppler effect can 
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markedly reduce the severity of the accident.47+48 
Hence the Doppler effect is a very important 
parameter to consider when optimizing overall 
performance. For example, the neutron energy 
spectrum in a large metal-fueled fast reactor 
can be adjusted downward by the deliberate in- 
troduction of small quantities of moderating 
material. The reactor would then have both the 
Doppler effect and the breeding ratio of a 
ceramic-fueled reactor that has the same ratio 
of fertile-to-fissile material. 

Conversely the loss of sodium from the core 
hardens the spectrum and reduces the Doppler 
effect that would result from further fuel heat- 
ing. Bhide and Hummel’? have calculated that 
the Doppler coefficient may be reduced by a 
factor of 2 on loss of sodium from large 
ceramic-fueled reactors that have an initial 
sodium fraction of 52 vol.%, Some of their re- 
sults are reproduced in Table 11. 

For reactors having 70 vol.4 sodium initially 
present, Hummel has recently calculated a re- 
duction in Doppler coefficient by nearly a fac- 
tor of 5 upon loss of sodium.” This sharp re- 
duction in the Doppler effect is serious, since 
the effect is already smaller than the possible 
total amount of reactivity to be gained from the 
loss of sodium for some larger reactor concepts. 
Moreover, the reduction of Doppler effect itself 
corresponds to an increase in the reactivity 
gained upon loss of sodium, if this loss occurs 
when the fuel is hotter than normal. The prob- 
lem has led to the consideration of the deliberate 
introduction of some fixed moderator, possibly 
in the form of beryllium oxide.*! The modera- 
tion augments the normal Doppler coefficient 
by providing more neutrons between 500 and 
9000 volts, and it does make the Doppler coef- 
ficient less sensitive to the loss of sodium. 
However, as mentioned earlier, it also results 
in a considerable reduction in the breeding ratio 
for plutonium-fueled reactors. 

It seems very likely that large fast power 
reactors can be designed to have asubstantially 
negative Doppler coefficient. The fertile U238 
(or thorium) has been calculated to provide 
large negative reactivity effects upon heating 
(see Refs. 27, 40, 49, 52—54), and this is being 
confirmed in recent experiments.” Also, a 
negative Doppler effect has been measured upon 
heating a U? sample in a U**-thorium fast 
assembly.” Furthermore, recent improvements 
in theoretical methods,°®-® in which allowance 
has been made for the overlapping effect be- 
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Table 11 DOPPLER REACTIVITY EFFECTS AND COEFFICIENTS FOR LARGE® 
FAST REACTORS FUELED WITH PuO,-U?%0, AND PuC-U**c 


300 to 2500°K 300 to 750°K 1500 to 2500°K 
Ratio of Sodium 
Ak Ak Ak 

to U238 _ k — — x 105 = k pan ea, 5 Â; 2S 5 

Pu to present? HA AT 10 % A AF10 % Ak AT 10 
Oxide Case 

1:9 Yes 2.63 1.15 1.09 2.40 0.59 0.59 

1:9 No 1.44 0.65 0.63 1.40 0.29 0.29 

1:7 Yes 1.81 0.79 0.77 1.73 0.40 0.40 

1:7 No 0.92 0.40 0.39 0.87 0.18 0.18 

Carbide Case 

1:9 Yes 1.95 0.89 0.82 1.82 0.40 0.40 

1:9 No 1.11 0.48 0.47 1.05 0.20 0.20 

1:7 Yes 1.30 0.59 0.54 1.20 0.29 0.29 

1:7 No 0.63 0.29 0.27 0.60 0.12 0.12 


tween resonances of the same isotope, as well 
as for overlapping between resonances of dif- 
ferent isotopes, indicate that the reactivity 
contribution from the fissile isotope should be 
very small and possibly slightly negative upon 
heating a mixture of fertile and fissile ma- 
terial, typifying the fuel of a large reactor. 


For reactors of medium enrichment (30 to 
50%), a small negative Doppler effect has 
usually been calculated,** Of course, detailed 
analysis is required for each design. 


Other Fuel Cycles 


Since the world’s fission-energy resources 
consist primarily of thorium and U2*, one can 
anticipate that each of these fertile isotopes 
will find its way into future breeder reactors 
and that both U?’ and Pu239 will serve as fis- 
sionable isotopes. It has been conventional to 
speak in terms of the U238.pu233 cycle and the 
Th232_U23 cycle. The latter combination has 
been calculated to provide a breeding ratio of 
1.20 : 1.25 in clean large fast reactors, smaller 
than that for U238_pu239 but still well above 
unity. However, it may be that a more desirable 
set of overall performance characteristics can 
be obtained with mixed fuel systems such as 
Th- Pu??? or U23_ 233 

The fission cross section of U?** falls off 
more steeply with increasing energy between 5 
and 100 kev than that of Pu239, Also, the ratio 
of capture to fission for fast neutrons is thought 
to be small and slowly varying with energy for 
U233 whereas that of Pu??? shows a rapid de- 
crease between 30 and 300 kev. Consequently 


the reactivity increase due to the spectral 
hardening that accompanies the loss of sodium 
should be much smaller when Uš23 rather than 
Pu239 is used as the fissionable isotope. A re- 
actor fueled with U233 should therefore exhibit 
less difficulty with positive sodium coefficients. 
Thorium has a much smaller fission cross 
section and a higher threshold energy for fis- 
sion than U?, Consequently thorium provides 
very little fast fission bonus to the breeding 
ratio. However, it also contributes a smaller 
reactivity gain due to increased fast fission 
upon loss of sodium; hence it should tend to 
give a more negative sodium void coefficient. 
Also, in the metallic form thorium is less dense 
than uranium. Two metal-fueled reactors that 
use the same volume fractions of thorium or 
uranium will exhibit less capture and scattering 
from the fertile isotope in the thorium case. 
This again makes the sodium void coefficient 
more negative for thorium than for uranium. 
Reactors using thorium in the core do suffer 
from an important control problem, Upon cap- 
ture of a neutron in thorium, Pa?" is first 
formed; it decays to U233 with a 27.4-day half- 
life. (The corresponding link in the U238_ Pu?’ 
chain, Np233, decays with only a 2.33-day half- 
life.) Consequently a considerable buildup of 
Pa233 will occur in a thorium-bearing reactor. 
When such a reactor is shut down after long- 
term operation at high power, considerable 
reactivity will be released if this Pa233 is al- 
lowed to decay in the core. For one Th-U:3 
conceptual design, Goldman?! has calculated 
that 14% ak/k would be released in 22 days 
and that a total of 4% Ak/k was available, This 
reactivity, of course, is initially lost during 
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operation of the reactor, leading to greater 
reactivity shim requirements for burnup. Gold- 
man has estimated that even with an internal 
breeding ratio of unity, such a reactor would 
lose considerable reactivity during operation. 
In the concept studied, a large portion of the 
thorium absorptions would not produce U** 
until after the fuel element had been unloaded. 
Thus considerably more shutdown and opera- 
tional reactivity are required if thorium is the 
fertile material in the core. Thorium in the 
blanket would produce an effect much smaller 
in magnitude, since the reactivity worth of 
fissionable isotopes there is less. 

The buildup of Pu? or U23 with recycle 
generally makes the sodium coefficient more 
positive. Both these isotopes have larger fis- 
sion cross sections and lower threshold energies 
for fission than U238, In this respect, U233 can 
again be expected to fare better than Pu”, 
Because of the lower ratio of capture to fission 
in U233 the buildup of U2“ at equilibrium, when 
U23 is the fuel, will be much less than the 
buildup of Pu% when Pu239 is the fuel, other 
things being equal. 

What does this all mean so far as hybrid fuel 
cycles are concerned ? In Table 12 the breeding 
ratio and sodium void reactivity effect are 
compared for 3000-liter metal-fueled spherical 
reactors for different fertile-fissile combina- 
tions.*°* The sodium void effect for uniform 
loss from the core is negative for all but the 
U238_ pu239 fuel type. The breeding ratio is about 
0.2 higher when U? rather than thorium is 
used in the cores of these reactors. 

This is at least preliminary evidence that for 
metal-fueled large reactors, the sodium void 
problem with Pu’? may be significantly eased 
if thorium is used as the fertile material in the 
core, at some expense to breeding ratio and 
with the creation of some additional control 
problems. Less improvement in the sodium 
coefficient would be expected upon the substitu- 
tion of thorium into oxide or carbide fuels, 
since the density advantage would not be present. 

The excellent characteristics of the U238_ U233_ 
fueled reactor are of particular interest. The 
breeding ratio is much better than for the con- 


* For ready comparison, the sodium coefticient and 
other characteristics are also listed in Table 12 tor 
U5_tueled reactors of similar composition. Note that 
U3 seems to give a sodium coctticient similar to that 
with L’, 
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Table 12 CRITICAL MASS, BREEDING RATIO, 
AND SODIUM VOID® EFFECT FOR 3000-LITER 
METAL-FUELED FAST REACTORS" 


Critical Sodium 

mass, Breeding void effect, 
Fuel type kg ratio Akt 
Th- U233 918 1.27 —0.031 
utes 878 1.50 —0.012 
Th- pu238 1060 1.36 —0.013 
U238_ pu239 1030 1.60 +0.0025 
Th-U235 1580 1.02 —0.030 
U238_ 235 1460 1.16 —0.016 


*All reactors have 15 vol.% fuel, 18 vol.% steel, and 67 
vol.% sodium in the core. The blanket has 40% uranium, is 
45 in. thick, and is retlected. 

t Reactivity ellect produced by removing 40% of sodium 
in core, 


ventional thorium-U2*3 concept, the control prob- 
lem due to Pa?’ buildup is alleviated,* and the 
sodium coefficient is quite negative. Thus one 
can reasonably expect to be able to go to some- 
what higher fuel alloy concentrations (and a 
still higher breeding ratio) or to larger core 
volumes, or to both, without getting a positive 
sodium void coefficient. An internal breeding 
ratio of about unity may be possible. Further- 
more, the relatively flat alpha of U233 leads one 
to expect only a moderate drop inbreeding ratio 
upon going from the metallic form to the oxide 
or carbide of the U238_U233 mixture. Also, only 
moderate differences in sodium coefficient are 
expected for equal concentrations of U23 in 
metal, oxide, or carbide reactors of the same 
size. 

These expectations are confirmed by the 
calculated results listed in Table 13. At 3000 
liters and fuel concentrations up to 27%, the 
U238_.U233 combination in metal, oxide, or car- 
bide form gives negative core sodium void 
effects. With the metal an internal breeding 
ratio above unity is calculated, with an overall 
breeding ratio of 1.67. Even for the oxide the 
breeding ratio exceeds 1.4. At 6000 liters in 
spherical geometry, negative sodium coeffi- 
cients are calculated for fuel concentrations 
between 15 and 20%. 

It may be that nature has been doubly kind. 
Fuel elements of uranium in metallic, oxide, 


*The U%8_ L233 reactor would also have a larger 
delayed-neutron fraction than the corresponding tho- 
rium- U°33 reactor, thanks to the appreciable delayed- 
neutron contribution from Uš°38, 
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Table 13 PERFORMANCE CHARACTERISTICS OF REACTORS USING 
U238_U233 FUEL IN METALLIC, OXIDE, OR CARBIDE FORM* 


Blanket of 40% U?3, 45% Na 


| Critical Na void effect, Ak /k Breeding ratio 
Ratio mass, — ea oe ee 

Reactor type US to us kg Core only Core + blanket Internal Total 
3000-liter metal 

20% fuel, 67% Na 11.1 940 —0.0068 —0.0091 0.87 1.61 

27% fuel, 57% Na 13.7 1050 —0.0001 —0.0016 1.05 1.67 
6000-liter metal 

20% fuel, 67% Na 13.1 1620 +0.0020 +0.0007 1.04 1.61 

27% fuel, 57% Na 15.6 1850 +0.0061 +0.0053 1.22 1.67 
3000-liter oxide 

20% fuel, 67% Na 6.1 840 —0.0150 —0.0180 

27% fuel, 57% Na 8.0 900 —0.0048 —0.0068 0.69 1.41 
6000-liter oxide 

20% fuel, 67% Na 7.7 1390 —0.0034 —0.0051 0.69 1.35 

27% fuel, 57% Na 9.6 1540 +0.0040 +0.0029 0.85 1.39 
3000-liter carbide 

20% fuel, 67% Na 8.0 870 —0.0096 —0.0121 0.68 1.45 

27% fuel, 57% Na 10.1 950 —0.0015 —0.0033 0.85 1.50 
6000-liter carbide 

15% fuel, 70% Na 7.7 1350 —0.0059 —0.0078 0.68 1.35 

20% fuel, 67% Na 10.0 1470 +0.0006 —0.0008 0.87 1.46 

27% fuel, 57% Na 11.7 1660 +0.0058 +0.0048 1.01 1.48 








* Structure is steel in core and blanket. Blanket is 45 cm thick and reflected. Density ot metal, oxide, 
and carbide are 19, 10, and 13 g/cm’, respectively. The sodium void effect is computed by removing 


40% of the sodium originally present in region. 


carbide, and sulfide form have all exhibited 
considerable potential in irradiation tests to 
date. 

Thus there is reason to believe that, in the 
long run, U238_.U233 in some form may well be 
one of the two primary fuel types for fast power 
reactors. Such a reactor type, in concert with 
the optimum plutonium-burning design, could 
consume the world’s supply of fissionable ma- 
terial. The blanket of each reactor type could 
be built with thorium or U*®, or both, as the 
need arose for specific fissile isotopes. 


Very Large Reactors 


From the point of view of coolant void coef- 
ficients, the thorium-U**? combination should 
lend itself particularly well to the very large 
reactors mentioned in connection with the de- 
salinization of water. In Table 14 sodium void 
coefficients and other nuclear characteristics 
are given for 25,000- and 50,000-liter spherical 
reactors containing 15% thorium-U? and 70% 
sodium in the core.®* The sodium void effect 
for the core alone still appears to be negative 
at 25,000 liters. 


With lead as the coolant, the coolant void 
effect is more negative than for sodium. At 
25,000 liters, where the sodium void effect is 
essentially zero, lead (or lead-bismuth) gives 
a substantially negative result. By 50,000 liters 
in spherical geometry, however, even lead is 
calculated to have a Slightly positive void coef- 
ficient with U?%*-thorium fuel. The coefficient 
would be more strongly positive if U? were 
the fertile material. 

It must be noted that the multigroup cross 
sections!! used in these calculations were pre- 
pared with smaller reactors, having a harder 


Table 14 PERFORMANCE OF VERY LARGE 
REACTORS® USING THORIUM -U233* 





Core Critical Coolant 

. Brecding ratio i i 
size, mass, ~ void effect,t 
liters Coolant kg Internal Total Ak/k 
25,000 Na 4600 0.82 1.03 —0.00005 
50,000 Na 8440 0.91 1.06 +0.012 
25,000 Pb 4070 0.89 1.08 —0.010 
50,000 Pb 7600 0.97 1.10 +0.0005 





* All reactors are spherical and contain 15% metal tuel. 
15% steel, and 70% coolant in core. 
t Reactivity change on removing 40% of coolant from core. 
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spectrum, in mind. Particularly for the very 
large sodium-cooled reactors, the results can 
only be taken as indicative, not definitive. 


Fuel Recycle Effects 


The equilibrium fuel isotopic composition 
with continuous recycling will depend only on 
the reactor design and the feed material used 
to replenish core burnout. The initial composi- 
tion will influence the time needed to get close 
to equilibrium but not the final composition. 

The equilibrium composition upon recycle has 
been computed with three different feed ma- 
terials for some of the Pu?*9-U?8-fueled reac- 
tors discussed earlier in the section on reactor 
performance, assuming in each case that the 
feed plutonium composition is the same as that 
initially present in the core.” Representative 
results are given in Table 15. When the feed 
material is Pu-A (pure Pu239) very little Pu”? 
has a chance to build up, and only about 5% of 
Pu"! is present at equilibrium for all the cases 
considered. When the feed material has a large 
proportion of higher isotopes, the final con- 
stitution depends sharply on the internal breed- 
ing ratio. Internal breeding adds primarily 
Pu233 and, when the internal breeding ratio is 
high, less of the feed material rich in higher 
isotopes is used. Thus the metal-fueled core, 
with larger internal breeding, has less Pu**! 
and Pu*!? at equilibrium than the oxide, when 
Pu-C is the feed. 


NEUTRON PHYSICS CONSIDERATIONS IN LARGE FAST REACTORS 127 


Table 16 COMPARISON OF INITIAL AND EQUILIBRIUM 
CRITICAL MASS AND BREEDING RATIO FOR 
1500- LITER OXIDE REACTOR” 


Critical mass* Breeding ratiof 





Feed = Cr suyus a 
type Initial Equilibrium Initial Equilibrium 
Pu-A 562 496 1.47 1.67 
Pu-B 514 468 1.57 1.80 
Pu-C 442 421 1.72 1.96 


* Kilograms of (Pu? + Pu), 
+ (Pu239 + pu241 produced) /(Pu2*® + Pu! consumed.) 


A comparison of initial and equilibrium criti- 
cal mass and breeding ratio is given in Table 
16 for a 1500-liter oxide-fuel reactor using 
Pu-A, -B, or -C, respectively, as the initial fuel 
and the feed. In all three cases the critical 
mass is lowered and the breeding ratio is in- 
creased on the transition to an equilibrium 
composition. It is interesting to note that the 
breeding ratio for equilibrium composition with 
Pu-C feed is 0.49 above that for areactor using 
pure Pu’? whereas the critical mass (of ther- 
mally fissile isotopes) is only three-fourths as 
large. The large fast fission bonus in Pu% and 
Pu”? leads to some of this large difference in 
performance, The remainder is attributable to 
the relatively greater reactivity and breeding 
potential which Pu’! is believed to have, rela- 
tive to Pu?’, 

However, not all qualities of a reactor im- 
prove with the change in plutonium isotopic 
composition on recycle. If pure Pu?’’ is taken 


Table 15 EQUILIBRIUM COMPOSITION OF FUEL WITH PLUTONIUM RECYCLE” 


Atoms of Pu/ 
atoms of U?38 


Atoms of Pu/ 
atoms of Pu2%8 


Type of 
Reactor type feed Pu Pu??? pu24 
800-liter metal Pu-A 0.653 0.293 
800-liter metal Pu-C 0.544 0.281 
800-liter oxide Pu-A 0.609 0.324 
800-liter oxide Pu-C 0.288 0.266 
1500-liter oxide Pu-A 0.582 0.343 
1500-liter oxide Pu-B 0.481 0.372 
1500-liter oxide Pu-C 0.329 0.287 
Feed I 
type pu239 
Pu-A 100 
Pu-B 74.7 
Pu-C 40.0 


Pu24! Pu24 (at equilibrium) (initially) 
0.041 0.013 0.172 0.128 
0.066 0,109 0.189 0.163 
0.049 0.018 0.510 0.336 
0.121 0.325 0.795 0.439 
0.054 0.021 0.391 0.253 
0.088 0.059 0.425 0,269 
0.109 0.275 0.542 0.323 


Pu Composition of Feed 








Atom % 

Pu?“ Py24! Py 242 
0 0 0 
10.2 12.4 2.7 
10.0 25.0 25.0 
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as the starting point, the sodium void reactivity 
coefficient gets appreciably more positive (or 
less negative) during the transition to equi- 
librium composition. 


Some Considerations 
of Practical Design 


and Blanket Management 


The performance figures presented earlier 
were all for idealized spherical reactors. Actual 
reactors of the same core volume will all have 
larger critical masses for a variety of reasons. 
Control-rod channels, coolant-flow transition 
regions, and, in particular, the transition from 
spherical to cylindrical geometry, may combine 
to raise the critical mass by 20% or more. 

The overall breeding ratio should not be af- 
fected significantly by these considerations if 
the blanket is kept an efficient capturer of 
neutrons. However, various practical considera- 
tions also enter herein. If the residence time 
of the upper and lower blanket is determined by 
fuel-element burnup considerations rather than 
by optimum blanket economics, thick end blan- 
kets may prove to be uneconomical. Again, if 
blanket fabrication and reprocessing costs are 
excessive, or if the blanket fluxes are very 
low because of a low core power density, the 
outer portions of a radial blanket may prove 
uneconomical.*® 

In the cases where flux levels are low or 
residence times are limited, the introduction 
of moderator into the blanket, with a conse- 
quent reduction in fertile material require- 
ments, may help appreciably. A blanket cycle 
involving inward radial motion of elements 
during their total residence time may some- 
times improve the economics, but this depends 
strongly on the specific conditions present. 

In an unmoderated blanket of a fast reactor, 
one can expect a buildup of 2 or 3% Pu? in the 
bred Pu’? for optimum cycling. Since the core 
physics performance is good for essentially 
any plutonium isotopic composition (disregard- 
ing sodium coefficient and possibly Doppler 
effect considerations), the reactor can be used 
to convert “dirty” plutonium* to “clean” plu- 


* The expression “dirty plutonium” is used to cate- 
gorize plutonium having a considerable buildup of the 
higher isotopes. 
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tonium by feeding the core with the former from 
thermal reactors and extracting the latter from 
the blanket for use in thermal reactors, should 
Suitable designs develop. 


Burnout does not appear to be limited by 
considerations of reactivity in fast reactors, 
even if the internal breeding ratios are low. 
There will be economic penalties imposed, 
however, due to (1) the higher frequency of 
reactor shutdown imposed by the need of partial 
reloading and (2) the loss of neutrons to shim 
type control rods, which will be needed to 
supply the reactivity loss between partial un- 
loadings, assuming control is via a neutron 
absorber such as boron, tantalum, or tungsten. 


If the latter problem becomes important, the 
use of moderator (or moderator plus fertile 
material) type shim rods may help.” 


Neutron Physics Effects 
of Structural Materials 


General Cross-Section Considerations 


The effect of structural materials on fast re- 
actor performance is determined by the magni- 
tude and variation with energy of three cross 
sections: those for elastic scattering, inelastic 
scattering, and neutron capture. 


The use of a structural material with a high 
cross section for elastic scattering reduces the 
leakage reactivity controlled by the sodium 
coolant, other things being equal. That phe- 
nomenon leading to a negative component in the 
sodium void reactivity effect is thus reduced, 
making the overall sodium void coefficient more 
positive. 

Inelastic scattering affects the critical mass 
by moving neutrons from a higher energy toa 
lower energy, where the probability of leakage 
from the core is usually smaller but the proba- 
bility of producing a fission may be smaller or 
larger, depending on the particular conditions 
involved. The introduction of a structural ma- 
terial with much inelastic scattering can also 
influence the sodium coefficient or the Doppler 
coefficient by producing more low-energy neu- 
trons. 

Inelastic scattering affects the breeding ratio 
in two ways: (1) by moving neutrons to a region 
of lower energy where alpha for Pu239 is higher 
and (2) by reducing the probability of fast fis- 
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sion in the fertile material and hence the fast 
fission bonus. 

Neutron capture in the structural materials 
exhibits a regular behavior and a systematic 
variation with atomic number, Z. For all struc- 
tural materials neutron capture is usually much 
smaller than the fission cross section of Pu??? 
over the energy range from 10 kev to 10 Mev. 
There are no huge resonances as are found for 


Toff (mb) ot 65 kev 





O 20 40 60 80 100 


Proton Number, Z 


(The squares correspond to results for odd-Z ele- 
ments. The circles, corresponding to results for 
even-Z elements, Would generally tall below the curve 
drawn through the squares, except that the results for 
even-Z elements have been multiplied by a factor of 
2.2, to make the data overlap. This even-odd effect is 
related to the average difference in resonance-level 
spacing for even vs. odd nuclei. The large dips in the 
cross section occur for isotopes with complete neu- 
tron shells, corresponding to the ‘fmavic’’ numbers 
50, 82, and 126.) 


Fig. 18 Average radiative capture cross sections for 
b5-kev neutrons as a function of atomic number. 
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xenon and samarium in the thermal-energy 
region, Only tantalum has a cross section about 
equal to that for fission in Pu235 and this is 
only below 15 kev. 

The capture cross section will vary from 
element to element, as well as among isotopes 
of a particular element, but there is a general 
behavior pattern. The capture cross section 
tends to increase with atomic number. It is 
larger for nuclei having an odd number of pro- 
tons or neutrons (odd-even) than for those 
having even numbers of both protons and neu- 
trons (even-even). And it is very small for the 
so-called “magic nuclei.” This systematic be- 
havior pattern of neutron capture is illustrated 
in Fig. 18, where measurements of 0, at 65 kev 
are plotted against Z over a large range of ele- 
ments. The values plotted in Fig. 18 are listed 
in Table 17, along with similar measurements 


of 30 kev. 
In Fig. 19 the capture cross sections of three 


important structural elements, iron, niobium, 
and tantalum, are plotted vs. neutron energy. 
Of the two odd-even isotopes, the heavier Ta’®! 
exhibits more capture than Nb’, The capture 
cross section of U?’ has been included for 
comparison purposes. Iron has a small oc, as 
one expects for a lighter element of primarily 
even-even nuclear structure. 

The capture cross sections of tungsten, molyb- 
denum, zirconium, and vanadium are plotted 
vs. energy in Fig. 20. Tungsten and molybdenum 
are both even-Z nuclei; the heavier tungsten 
captures more neutrons. Zirconium and vana- 
dium both have “magic” character; hence one 
expects them to have small capture cross 
sections. 

The capture cross section usually falls off 
quite rapidly with increasing neutron energy. 
Fission cross sections do the same below 100 
kv; however, they reach a plateau region and 
then rise with increasing energy, as illustrated 
in Fig. 3. 


Some Specific Cases 


The capture cross sections of various struc- 
tural* materials have been averaged over the 


*The term ‘‘structural’’ is used loosely herein to 
cover cladding, jacket liners, or subassembly struc- 
tural components. The calculations, of course, would 
also apply if the particular element is used as the 
matrix material for acermet fuel or as an alloying 
or additive agent. 
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Table 17 CAPTURE CROSS SECTION MEASUREMENTS® AT 30 AND 65 KEV* 











O n,y(30), On,y(65), 
Z Element mb mb 
6 C <0.2 0.0 + 0.3 
9 F 4.5 + 1.0 
11 Ka 5.0 + 0.7 0.7 +* 0.3 
12 Mg 0.4 + 0.2 2.1 + 0.7 
13 Al 2.8+0.7 
14 Si 13.0 + 4.0 2.0 + 0.7 
15 P 7.0 + 1.0 0.5 +* 0.2 
16 S 25.0 + 8.0 0.8 + 0.6 
17 Cl 11.0 + 4.0 4.0 + 2.0 
19 K 16.0 + 2.0 4,0 + 1.0 
20 Ca 10.0 + 1.0 3.0 + 1.0 
22 Ti 29.0 + 3.0 5.0 + 1.0 
23 V 23.0 + 8.0 3.0 + 1.0 
24 Cr 10.0 + 3.0 3.5 4 1.0 
25 Mn 22 9.0 + 1.0 
24) Fe 12.0 + 3.0 6.5 +£ 2.0 
27 Co 88.0 + 30.0 18 
28 Ni 16.0 + 4.0 6.5 + 2.0 
29 Cu 39.0 + 7.0 25.0 + 5.0 
40 Zn 31.0 + 6.0 20.0 + 5.0 
31 Ga 103 56 
32 Ge 74 39.0 + 6.0 
33 AS 350 175 
34 Se 94 51 
35 Br 650 345 
37 Rb 180 89 
38 Sr 155 24 
39 Y 13.5 + 3.0 6.9 + 2.0 
40 Zr 14.0 + 3.0 10.3 + 2.0 
41 Cb 264 135 
42 Mo 140 69 
45 Rh 850 540 
46 Pd 454 265 
47 Ag 951 586 
48 Cd 330 183 

















On, y(30), Tn, y 5), 
Z Element mb mb 
49 In (763) (448) 
50 Sn 88.0 + 15.0 51.0 + 10.0 
51 Sb 436 245 
52 Te 97 35 
53 I 733 440 
56 Bu 61 35 
57 La 55.0 + 10.0 18.0 + 3.0 
58 Ce 35.0 + 5.0 8.0 + 2.0 
59 Pr 115 59 
62 Sm 875 450 
3 Eu 2560 1580 
64 Gd 1175 HTO 
65 Tb 1850 1070 
G6 Dy 775 570) 
GT Ho 1720 1070 
68 Er 960 540 
69 Tm 1310 700 
70 Yb 575 390 
71 Lu 2620 1200 
72 Hi 510 330 
73 Ta 735 440 
74 w 270 190 
75 Re 900 525 
76 Os 300 175 
77 Ir 795 450 
78 Pt 330 294 
79 Au 515 332 
80 Hg 295 lu: 
81 Tl 71 35 
82 Pb 3.0 + 3.0 1.0 + 2.0 
83 Bi 1.0 + 4.0 4.0 + 3.0 
92 ute 473 302 


* The neutron energy resolution was +7 and +20 kev at 30 and 65 kev, respectively. The estimated absolute error is zr 


except where noted. 


neutron energy spectra of two typical large fast 
power reactors, one an 800-liter metal-fueled 
reactor with a relatively hard spectrum and the 
other a 6000-liter oxide-fueled reactor with a 
considerably more degraded spectrum. The re- 
sults are listed in Table 18. Spectrum-averaged 
values for capture in U”? and fission in Pu??? 
are also presented. 


The cross sections are listed per atom in 
units of barns. To compare their effects on 
reactor performance, one must multiply them 
by the appropriate concentrations of atoms. 
These are listed for the pure materials at full 
density (N) in an adjoining column. For ex- 


ample, 10 vol‘; nickel or iron gives about twice 
the atom concentration that 10 vol.% zirconium 
would give. 


The capture cross sections for thermal neu- 
trons (0.025 ev) have also been listed in Table 
17 for the various elements, as has the ratio of 
Jethermal tO Oger titerse Except for titanium this 
ratio is less than the corresponding ratio of the 
cross section for fission in Pu25, Thus, per 
atom, capture in Structural materials is rela- 
tively greater for large fast reactors than for 
thermal reactors. What makes the use of the 
various structural materials conceivable is the 
much higher atom concentration of fissile iso- 
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tope in fast reactors. The effect on breeding 
ratio will depend essentially on the ratio 

; co 

Niissile š (G, + aj 


„Structural 
N 


The effect of various structural materials on 
the critical mass and breeding ratio!’ of an 
800-liter U238_pu23 metal-fueled reactor is 
given in Table 19. Steel, titanium, and zir- 
conium give the lowest critical masses and 
highest breeding ratios. They are similar in 
their effect. The higher inelastic scattering 
cross section in vanadium leads to some re- 
duction in breeding ratio and a small increase 
in critical mass. Niobium and molybdenum 
have appreciable capture cross sections, and 
the breeding ratio is depressed considerably, 
whereas the large capture cross section of 
tantalum drops the breeding ratio to near unity. 
These reactors were all assumed to have 25 
volíc of the structural material; the trends 
would be similar but the relative differences 
smaller if, say, 15 vol“ of the structural ma- 
terial were used in the calculation. 

The effects of 15 vol.% of various structural 
elements on a 3000-liter PuC-U?"C-fueled re- 
actor are given in Table 20. The generaltrends 
are similar to those observed with the smaller 
metal-fueled reactor. The (,>) cross section 
for nickel makes it somewhat less favorable to 
breeding than iron or chromium. 

The choice of structural material in the core 
also can influence important reactivity coeffi- 





10> 104 105 106 107 


Neutron Energy, ev 


Fig. 19 Capture cross sections of iron, niobium, 
tantalum, and U238, 
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cients. For example, the magnitude of the 
Doppler effect is very sensitive to the amount 
of low-energy flux present. The use of a struc- 
tural material with a considerable capture cross 
section, which in turn leads to a higher critical 
mass, results in a harder neutron energy spec- 
trum. In one large carbide-fuel concept, for 
example, the use of niobium rather than stain- 
less steel as the cladding material in the core 
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Fig. 20 Capture cross sections of vanadium, zir- 
conium, molybdenum, and tungsten. 


led to a reduction of the Doppier coefficient 
by a factor of 7 (i.e., the coefficient remained 
negative but was much smaller in magnitude). 
On the other hand, the use of vanadium or 
Inconel X instead of steel was calculated to 
produce little change in the Doppler coefficient 
for this particular concept. 

The effect of various structural materials on 
the sodium void effect for a 3000-liter PuC- 
U238C-fueled reactor is illustrated in Table 21. 
The calculations indicate that the structural 
elements of low atomic mass are roughly the 
same in their influence on sodium void effect, 
at least for this particular reactor choice. A 
Similar behavior among steel, nickel, and va- 
nadium has also been reported for an oxide- 
fueled concept.*? 

However, it must be emphasized that the re- 
sults given in Table 20 (as well as in earlier 
tables on sodium void effect for large reactors) 
are Only qualitative. The techniques used for 
these calculations were not the most sophisti- 
cated,’ and cross-section information at the 
lower neutron energies, in particular, yis un- 


” 
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Table18 AVERAGE CAPTURE CROSS SECTIONS OF STRUCTURAL MATERIALS 
IN TYPICAL FAST REACTOR SPECTRA 


N, atoms per cm 
ol pure element 


Element x 10724 fuel reactor 
Ti 0.0566 0.006 
Vv 0.0704 0.009 
Cr 0.0822 0.009 
Fe 0.0847 0.006 
Ni 0.0913 0.02* 
Zr 0.0425 0.011 
Nb 0.0545 0.107 
Mo 0.0640 0.073 
Ta 0.0553 0.322 
ye 0.048 0.202 
Puls 1.8 

* Includes 0.01 barn for a,, reaction. 


np 


Table 19 EFFECT OF VARIOUS STRUCTURAL 
MATERIALS ON PERFORMANCE!’ OF 800-LITER 
U? Pu? METAL-FUELED REACTOR* 


Critical 

Structural mass, Brecding 
material kg ratio Alpha At F+ 
Stainless 

steel 431 1.82 0.188 0.082 0.29 
Ti 425 1.92 0.180 0.073 0.33 
v 456 1.68 0.222 0.11 0.25 
Zr 415 1.89 0.181 0.076 0.31 
Nb 494 1.51 0.169 0.44 0.25 
Mo 502 1.46 0.185 0.41 0.22 


Ta 716 1.02 0.170 0.91 0.18 


* The core contains 25 vol.% fuel, 25 vol.% structural 
material, and 50 vol.% sodium. The blanket contains 60% 
U23898. 20% steel, and 20% sodium. 

tA = absorptions in structure and coolant per fission in 
pu239, F = fissions in U8 per fission in puš239, 


Table 20 EFFECT OF VARIOUS STRUCTURAL 
MATERIALS ON PERFORMANCE OF 
3000-LITER PuC-U?3C-FUELED REACTOR* 


Critical mass, Breeding 
Element kg ratio 
Ti 950 1.47 
V 1010 1.32 
Cr 960 1.42 
Fe 950 1.44 
Ni 9701 1.33f 
Zr 930 1.48 
Nb 1190 1.14 
Mo 1150 1.14 
Ta 1720 0.80 


* The core contains 15 vol.% fuel, 15 vol.% structure, and 
70 vol.% sodium. The blanket contains 40% U238 15% steel, 
and 45% sodium. 

t Estimated correction has been made for op, in nickel. 


` 


y “Average capture cross section, barns 


800-liter metal 


Capture at 

6000-liter oxide 0.025 ev Oe, thermal 

fuel reactor (thermal) To 60v0 titers 
0.012 5.8 483 
0.019 5.0 263 
0.014 3.1 221 
0.008 2.5 313 
0.025* 4.8 194 
0.018 0.18 10 
0.245 1.2 5 
0.118 2.7 23 
0.617 21.0 34 
0.296 2.7 9 
2.0 746.0 373 


Table 21 SODIUM VOID EFFECT FOR 3000-LITER 
PuC-U38C-FUELED REACTORS* WITH VARIOUS 
STRUCTURAL MATERIALS 


Structural Sodium void effect, 

material ôk /kt 
Ti —0.003 
V —0.002 
Cr —0.003 
Fe —0.004 
Ni —0.0011 
Zr —0.002 
Nb +0.012 
Mo +0.006 
Ta +0.011 


* All reactors have 15 vol.% fuel, 15 vol.% structure, and 
70 vol.% sodium in core. 

t Reactivity change corresponding to removal of 40% so- 
dium initially present in core. 

t Correction has been estimated and included for Ox, p in 
nickel. 


Table 22 EFFECT OF NIOBIUM ON PERFORMANCE 
OF 6000-LITER THORIUM-U*3-F UELED 
FAST REACTORS* 





Niobium structure 
in core 


Steel structure 
in core 


Sodium void Sodium void 





Vol.% effect, Breed- effect, Breed- 
structure Ak/h ing Ak/k ing 
in core (core only) ratio (core only) ratio 
15 -0,0258 1.24 —0.0019 0.97 
25 —0.0175 1.18 +0.0092 0.79 





* All reactors have 15% fuel. All reactors have reflected 
blanket of 40% U238 15% steel, and 45% sodium. Sodium void 
effect is the result of removing 40% of the sodium origin- 
ally present. 
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certain. Since the sodium void effect is the 
result of a balance between two large competing 
phenomena, considerable error is likely at the 
present time. Sharper distinctions between the 
various structural elements of low atomic num- 
ber may become evident as accuracy of predic- 
tion improves. 

Molybdenum, niobium, and tantalum all lead 
to positive sodium void effects, as might be 
expected from the curves given in Figs. 10 and 
11. The capture cross sections for molybdenum 
and niobium are particularly uncertain at low 
energies, and the magnitude of these coeffi- 
cients could change appreciably. It is not ex- 
pected that they will behave like steel, however, 
in regard to the sodium coefficient. 

The relative effect of steel and niobium 
structure in the core is again illustrated in 
Table 22 for 6000-liter thorium-U***-fueled 
fast reactors. With 15 vol.% structure in the 
core, for reactors using 15 vol.% fuel, the 
sodium void effect changes from highly negative 
with steel to almost zero with niobium. If the 
core structure is raised to 25 vol. at the ex- 
pense of sodium, the sodium void effect is 
highly negative with steel and is quite positive 
with niobium. The breeding ratio drops from 
about 1.2 to below unity upon the change from 
steel to niobium. 

In summary, the choice of materials for 
purposes of structure, fuel containment, or 
alloying in large fast power reactors has be- 
come increasingly complex from the nuclear 
point of view. Both the type of fuel and the re- 
actor size can affect the choice. Questions of 
sodium void reactivity effect and Doppler coef- 
ficient, as well as breeding ratio and critical 
mass, must enter into the judgment. A struc- 
tural material like niobium may be quite toler- 
able in all nuclear respects for a small U?*- 
plutonium-fueled reactor of EBR-II size. Ina 
large U” -plutonium metal-fueled reactor, the 
effect of the niobium on breeding ratio may be 
acceptable but its effect on sodium void coef- 
ficient intolerable. In a large U?*8-plutonium 
oxide-fueled reactor, niobium may be intoler- 
able in appreciable quantities on both these 
counts, as well as because of a large reduction 
in the Doppler coefficient relative to that which 
one would have had with steel. In a large 
thorium-U”"3-fueled reactor, on the other hand, 
the influence of niobium on the sodium coeffi- 
cient may be tolerable, but not its effect on 
breeding ratio. 
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Uncertainties in 
Theoretical Prediction 


Although a major improvement in our knowl- 
edge of fast-neutron cross sections has come 
about in the last several years, there remain 
large gaps in the available information. For 
Pu??? for example, v(£) (neutrons per fission) 
is believed to be known to 1'/, or 2% except at 
higher energies; 0;;,.,,, is probably known to 
about 5% except at lower energies where a 10% 
or greater uncertainty is likely; and the capture 
cross section is known to about 20% except at 
lower energies, where the uncertainty is greater. 
If these few uncertainties all contributed cross- 
section errors to a calculation in the same di- 
rection, the error in reactivity from these 
sources alone would be 6 or 7% Ak/k. 


The cross sections of most other isotopes 
and materials of interest to fast reactors are 
inadequately measured, particularly the capture 
cross sections. If all these uncertainties were 
to add up in the same direction, the error in 
critical mass would be huge. If a careful, ob- 
jective review of cross sections is made, the 
errors introduced should be partly random and 
tend to cancel to a considerable degree. How- 
ever, considerable discrepancies can anddo re- 
main. In one particular 1960 study of this kind 
on the better measured U?**-fueled fast criti- 
cals,'! discrepancies in the prediction of re- 
activity as large as 4% Ak/k appeared between 
the experiments and calculated results based 
on an objective cross-section evaluation. Fortu- 
nately, recent cross-section measurements have 
narrowed these differences sharply (see Refs. 
11, 15, 65, and 66). 


The existence of a considerable body of data 
from U**-fueled critical experiments enables 
one to adjust calculations empirically, helping 
in the prediction of systems not too different 
in size or composition. However, no similar 
body of information now exists for plutonium 
or U2%3, 


The breeding ratio is relatively insensitive 
to most of the cross-section uncertainties. 
However, for large oxide- or carbide-fueled 
reactors, and again for reactors using the 
thorium-U?*? cycle, the breeding ratio lies near 
enough to unity that the uncertainty becomes 
serious, particularly when doubling time is 
being evaluated. 
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Most sensitive to cross-section uncertainties 
and still in need of further improvement in 
calculational techniques are the Doppler and 
sodium void reactivity effects. Both are sensi- 
tive to details of reactor spectrum and to the 
details of cross-section structure in the reso- 
nance region. Estimates indicate errors of 
50% in the sodium coefficient to be plausible, 
and even the calculated sign of the coefficient 
may be in error near the threshold ofa positive 
coefficient.’ Uncertainties up to 50% are esti- 
mated to exist also in the prediction of the 
Doppler effect.°°.53 

Hence the precise specification of the nuclear 
characteristics of a large fast power reactor 
today is essentially impossible. One can only 
hope to bracket the important parameters. 


Concluding Remarks 


Only part of the story of large fast power 
reactor performance has been given here. Con- 
flicts in the simultaneous optimization of design 
for breeding, for economics, and for safety 
have been indicated. However, the general sub- 
jects of fast reactor safety and fast reactor 
economics have not been treated. Nor have 
other considerations, such as heat-transfer 
characteristics and fuel-element performance, 
been factored into the discussion, 

It has been shown, with reasonable certainty, 
that breeding is quite feasible in large fast 
reactors fueled with U?8-Pu2% or Th232_U233 
using any of several structural materials and 
cooled with sodium. However, materials with 
large capture cross sections, such as niobium, 
molybdenum, and tantalum, affect breeding seri- 
ously. They also make the attainment of a 
negative sodium coefficient considerably more 
difficult for the large reactors. 

Breeding is also quite feasible using hybrid 
fuel systems, such as the combination U?38-U?33, 

It is reasonably certain that large fast reac- 
tors can be designed to have significantly nega- 
tive Doppler coefficients. This desirable char- 
acteristic is achievable, in principle, for metal, 
oxide, or carbide. Small amounts of moderator 
can be added to enhance the Doppler effect 
achieved ordinarily but at some penalty to the 
breeding gain. 

It is apparently very difficult to design large 
fast reactors, especially those fueled with 
U’ Pu??? in some form, so that there is no 
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semblance of a positive sodium void coefficient, 
even locally. The real importance of the sodium 
coefficient to fast reactor safety has become 
the focal point for considerable analysis. Cri- 
teria for the determination of safe sodium 
coefficients (and for safe reactivity gains with 
the loss of sodium by boiling or other causes) 
are being sought, always in the light of other 
existing reactivity coefficients. Despite the dif- 
ficulties introduced by positive void coefficients, 
sodium remains, by far, the favorite coolant 
for large fast power reactors, primarily be- 
cause of its favorable heat-removal character- 
istics. 

In the process of optimizing the design of 
large fast power reactors for safety, for eco- 
nomics, and for doubling time, one can antici- 
pate the comparison of reactors having both 
low and high power densities, of reactors having 
widely differing geometries, of large reactors 
with reactors half their size, and of reactors 
designed with widely differing combinations of 
reactivity coefficients. 
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° 8 ° Table I-1 CORE SPECIFICATIONS’? OF A PROPOSED 
Desa | inization of Water FAST REACTOR FOR A WATER DESALINIZATION PLANT? 
The use of large blocks of nuclear (thermal) Power, Mw(t) (blanket power neglected) 25,000 
power to produce fresh water from saline water ede ae rani 
has bern under gis cuzston for Peera, months Core diameter, ft 24 
past. ° Both fast ° and thermal” reactors Core composition 
have been proposed for this purpose, and a re- Fuel material, vol. % 34 (UO, + PuO)) 
cent study’ has considered a wide range of re- Gg vol. % A 
actor types and sizes. The reader interested in Fuel enrichment, % 15 (total Pu) 
the general state of water resources in this Critical mass, kg of Pu (total) 22,000 (at 
country — without regard to the nuclear ques- equilibrium) 
tion— may find Refs. 8 and 9 helpful. The dis- Fuel and core 
cussion here will center around the nuclear Cladding, outside diameter, in. 0:300 
ath b id df Cladding, thickness, in. 0.020 

energy sources at have been considered for Fuel diameter: in: 0.260 
the application. Pitch, in. 0.396 

The plant discussed in Ref. 1 utilizes a fast Elements per subassembly 400 


Number of subassemblies (25,000-Mw 


reactor, fueled with vibration-compacted UO,- relegence) 1016 


PuO,, which is described in more detail in Ref. 


2. Core specifications are given in Table I-1, Coolant and core 


x. Maximum/average power density 1.5 
and a schematic of the core arrangement is in Maximum heat flux, Btu/(hr)(sq ft) 10° 
Fig. I-1. The energy is used entirely for pro- Coolant velocity, ft/sec 25 
ducing distilled water, and the amount produced, sae age coolant temperature rise, 

9 : 257 
10° gal/day, represents about half the consump- inlet temperati iT 593 


tion of New York City. The water conversion I 
Blanket specifications 


plant discussed in Ref. 2 is a multistage flash Axial blankets (top and bottom) 
evaporation unit consisting of 30 stages, al- Diameter, ft 24 
though the seawater plant used in Ref. 1 (Fig. Thickness, each, ft 3 
I-2) is a quadruple-effect evaporator. A figure copo 7 aa : a 
of merit used to describe the relative perform- 16 vol. % steel 
ance of evaporator plants is the so-called “per- Radial blanket 
formance ratio.” This is the weight of water Thickness, ft 1.5 
evaporated per unit weight of steam consumed Composition a 6, 

° s vol. a 
and is approximately equal to the number of ef- 15.7ol. % steel 
fects used in a multiple-effect evaporator plant. Reactor performance characteristics 
The performance ratio can also be defined as the Specific power, Mw/kg of Pu 1.1 
weight of fresh water produced per 1000 Btu of Power density, Mw/liter 0.5 
heat consumed, and this latter definition is par- rue OATI; MEWA metric on TESA 

i j : Plutonium production ratio 
ticularly useful for the following conversion: (breeding ratio) 
Total, core and blanket 1.3 

(Cost of steam, cents/10® Btu)(8.33)/(performance ratio) Internal (core) breeding 

= cost of energy used for distillation, cents/1000 gal ratio 0.75 

of fresh water produced Ss ee a 
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Fig. I-1 Core arrangement of the proposed fast 
25,000-Mw reference reactor’ for conversion of sea- 
water. 


This equation expresses the connection between 
the reactor portion of the seawater conversion 
plant and the evaporation portion of the plant, at 
least as far as costs are concerned. If the heat 
source is expensive, then the cheapest water is 
produced by an evaporator plant with a high 
performance ratio. If heat is relatively cheap, 
then a low performance ratio may be used; the 
evaporator plant can be cheap also, and the to- 
tal cost of the fresh water is reduced accord- 
ingly. Thus there is an optimum value for the 
performance ratio which is lower as the cost of 


Evaporator, 4 Effects 


Steam 
Generator 


Fast Breeder 


Reactor 


Heat Exchangers and Coolers 
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heatis lower. For the plant described in Ref. 1, 
only four effects are postulated, since the cost 
of steam from the reactor is calculated to be 
low. 


Reference 3 discusses thermal reactors as 
applied to the production of both electricity and 
distilled water. The reactor plant consists of 
three heavy-water-moderated boiling-H,O re- 
actors, each generating 8333 Mw(t). A simpli- 
fied flow diagram of the plant is shown in Fig. 
I-3. The water portion of the plant consumes 
about 19,800 Mw(t) and 500 Mw(e), and the net 
power to the switchyard is 4500 Mw(e). De- 
tailed plant designs of the reactors discussed in 
Ref. 3 are given in Ref. 4. Table I-2 summa- 
rizes one of the designs. The heavy-water re- 
actors are refueled under power and employ 
fuel elements of the concentric tubular type, 
containing two rings of UO, that are each about 
0.6 in. thick. 


Reference 7 represents a portion of a co- 
operative effort of a number of governmental 
agencies to define more closely the costs asso- 
ciated with the dual-purpose plants. Those par- 
ticipating in the overall study are the Atomic 
Energy Commission (AEC), the Bureau of Rec- 
lamation, the Office of Saline Water (Depart- 
ment of Interior), and the Federal Power Com- 
mission. The Bechtel Corporation was engaged 
by the AEC to act as architect-engineer in con- 
nection with the AEC portion of the program, 
and Ref. 7 is the Bechtel report. The total of 
nine different cases that were studied covered 
a wide variety of reactors and encompassed a 
time period from the present to 1980. 


Condenser 


Seawater 
Return 


Seawater Intake 


Brine Discharge 


Distilled Water 
109 gal/day 


Fig. 1-2 Seawater distillation plant employing a fast-breeder reactor.! 
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Table I-2 DESIGN DATA‘ FOR A DUAL-PURPOSE 8333-MW(T) REACTOR 


Reactor type 
Fuel 


Moderator 
Reflector 


Reactor thermal power 


Type of refueling 
Materials 
Density of UO, fuel 


Pressure-tube material 


Calandria tube material 


Calandria material 
Gas between tubes 


Reactor dimensions 
Reactor shape 


Lattice spacing 


Nuclear material inventory, each of 


three reactors 
Uranium, metric tons 
D,O, metric tons 
Graphite, metric tons 

Core size 

Total number of tubes 
Active core length, ft 
Active core width, ft 


Active core height (along tube 


length), ft 
Calandria vessel 
Length, ft 
Width, ft 
Height, ft 
Fuel elements 
Form 
Cladding 


Dimensions of fuel element 


Inner tube 
Outer tube 
Reactor cooling system 


Specific power in uranium 


Heat flux, Btu/(hr)(sq ft) 


Inner tube 
Outer tube 


Burnout (at 12.5% quality) 


Mass flow rate of coolant, lb/hr 
Reactor temperature, pressure 


Inlet 
Outlet 


Steam separation system, 8333 Mwi(t) 
Method of steam separation 


First stage 


Second stage 





Pressure tube, D,O moderated, boiling 
light-water cooled 

Vibratory-packed natural UO, (below 
0.8% U235) 

D,O 

2 ft of graphite on bottom and sides; 
2 ft of D,O on top of reactor 

25,000 Mw, three 8333-Mwi(t) reactors 


On-line, from below reactor 


9.81 g UO,/cmš 

Zircaloy-2 tubing; stainless-steel 
end plugs 

Aluminum 6061T6 

Aluminum-clad steel 


CO, 


Rectangular parallelepiped with corners 
removed 
Square array on 9-in. pitch 


747 
545 
486 


1308 
28.5 
27 


30 
34.5 
33 
35 


Nested concentric tubes of UO, 
0.020-in. Zircaloy-2 


Inside Outside Length, 
diameter, in. diameter, in. in. 

1.424 2.718 72 nominal 

3.152 4.326 72 nominal 


11.2 watts/g (average) 
Average Maximum 


216,000 248,000 
263,000 303,000 
754,000 


2.21 x 108 


464°F, 720 psia 
486°F, 620 psia 


Two-stage centrifugal separators 

In-line impingement centrifugal 
separators, one located at end of 
each pressure tube; exit quality, 90% 

Centrifugal separator, 24 per 8333-Mwi(t) 
reactor; exit quality > 99.25% 
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Fig. I-3 Schematic of dual-purpose plant. 
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Fig. I-4 Estimated costs of steam production by fast-breeder reactors and corresponding costs of 


desalinizing seawater.’ Single-purpose operation; 90% plant factor; municipal financing: 7.75% on 


depreciating capital, 5.5% on working capital, 3.75% on fuel inventories. 
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< 270 Mwle) 


Water Costs, Cents / IOOO gol 


102 GPD Water 
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Electrical Revenue, Mills/kw-hr 


Fig. l-5 Effect of electrical revenue on water pro- 
duction costs.2 Reactors and ground rules are the 
same as for Fig. I-4. 


When one considers the possibilities of very 
large desalinization plants, along with the pos- 
Sibilities of concurrent electric power produc- 
tion under the various conceivable financing 
schemes, the situation becomes so complex and 
so far removed from past nuclear experience 
that a casual assessment of the proposals has 
little value. It is at least possible, however, to 
gain some understanding of the goals and re- 
quirements of the application by examining se- 
lected results from the studies mentioned above. 

Figure I-4, constructed from the results of 
Ref. 2, shows estimated steam and fresh water 
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costs for single-purpose plants in the 10° to 10° 
gal/day range, for plants utilizing fast-breeder 
reactors. Regardless of how one views the ac- 
curacy of the estimates, it seems clear that, for 
very lowdesalinization costs, one is speaking of 
the nuclear generation of steam energy at costs 
of about 10 cents per million Btu or less, cor- 
responding to thermal-power generation costs 
of about 0.35 mill/kw-hr or less. 


For current desalinization technology, high 
steam temperatures are not required, since the 
use of temperatures above about 300°F leads to 
scaling problems in the evaporators. If the re- 
actor type used for steam production is capable 
of producing steam at considerably higher tem- 
perature, it seems obvious that the use of back- 
pressure turbines for the production of elec- 
tricity in conjunction with the desalinization 
process would be economically attractive in any 
case where there is a market for the power. 
Since the thermal energy in the exhaust steam 
from the backpressure turbines is still usable 
in the desalinization process, the economics of 
power generation are particularly favorable if 
the electricity can be considered as a by- 
product; for the use of energy in the power cy- 
cle is effectively 100% efficient, and only a 
fraction of the total plant cost is attributable to 
the electrical generation. The estimated im- 
provement in economics is illustrated in Fig. 
I-5, from Ref. 2, which shows the 10° gal/day 
plant producing fresh water at about 18 cents 
per thousand gallons if electric power is sold 
at 3 mills/kw-hr. The 10° gal/day plant is es- 
timated to produce fresh water at about 7 cents 
per thousand gallons if electricity is sold at 


Table I-3 ESTIMATED STEAM, ELECTRICITY, AND WATER COSTS 
FOR 25,000-Mw(t) STATION* USING THREE H,0-COOLED, 
D,O-MODERATED REACTORS? 


Steam cost 
(600 psi), 
cents/10® Btu 





Capital 3.8 
D,O inventory 0.8 
Fuel cycle 0.9 
Operation and maintenance, 
insurance 1.0 
Totals 6.5 


Flectricity cost, 
mills/kw-hr 


Water cost, 
cents/10° gal 


1.16 Heat 1.4 

0.10 Electricity 1.8 

0.11 Capital 6.0 
Operation and 

0.18 maintenance 0.3 
Chemicals 1.0 





1.55 11.0 





*Economic ground rules: plant investment at 7.7% /year; fuel and D,O at 5.5 / 
year; natural U,O, at $5/1b; Pu as nitrate at $6.7/g; D0 at $20/1b; load factor = 
90%; size of fueling industry = 10 tons/day; fuel owned by plant operator. 
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1.5 mills/kw-hr. These numbers are somewhat 
lower, but not drastically so, than those esti- 
mated in Ref. 3 for a station of comparable size 
utilizing the heavy-water-moderated reactors 
(Table I-3). 

The results of Ref. 7 can be used, conceptu- 
ally, to examine a transition from reactors of 


Table I-4 REACTOR TYPES USED IN STUDIES OF NINE 
DIFFERENT ELECTRIC GENERATION-DESALINIZATION 
CASES IN REF. 7 


1. One 1500-Mwi(t) light-water reactor of current tech- 
nology. 

2. Three 1500-Mw(t) light-water reactors in a single plant, 
current technology. 

3. One 3220-Mwi(t) light-water reactor, current technology. 

4. One 3500-Mwit) heavy-water-moderated organic-cooled 
reactor, current technology. 

3. One 3500-Mw(t) graphite-moderated light-water-cooled 
reactor, current technology. 

6. One 8300-Mwi(t) heavy-water-moderated organic-cooled 
reactor; 1975 technology. 
A multiunit 25,000-Mw(t) station with high-conversion- 
ratio reactors, such as: heavy-water-moderated or- 
ganic-, light-water-, or heavy-water-cooled reactors; 
graphite-moderated organic-, or light-water-cooled re- 
actors; or graphite-moderated gas-cooled thorium-cycle 
reactors; 1980 technology. 

8. A 25,000-Mwit) station utilizing an unspecified number 
of slightly enriched reactors such as: light-water-mod- 
erated in combination with graphite-moderated steam- 
cooled reactors, graphite-moderated sodium-cooled re- 
actors, or graphite-moderated gas-cooled reactors; 
1980 technology. 

9, An unspecified number of fast-breeder reactors of 25,000 
Mw(t) total capacity; 1980 technology. 
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currently contemplated sizes to the very large 
reactors such as those considered in Refs. 2 
and 3 and to throw some light on the effects 
of the dual-purpose (vs. power only) applica- 
tion and methods of financing. The nine reactor 
types considered in the study are described in 
Table I-4. The uncertainties in estimating the 
very large plants may be inferred from the lack 
of specificity in their descriptions. In Table I-5 
the estimated costs of producing steam energy 
for water desalinization are given for the nine 
types in a way that compares dual-purpose op- 
eration with power-only operation. For each of 
the plant types, Ref. 7 gives curves similar to 
that of Fig. I-6, which applies to the plant uti- 
lizing fast-breeder reactors (Case 9). The ref- 
erence also gives for each case the estimated 
cost of electric power generation if the plant is 
designed for that purpose only. In Table I-5 the 
costs of steam production listed are those for 
the dual-purpose plant which correspond to the 
sale of electricity at a price equal to its pro- 
duction cost in the single-purpose plant. This 
is illustrated in Fig. I-6. The estimates for the 
very large plants (Cases 7-9) are not greatly 
different than those given in Table I-3. 


Since the costs of steam production in the 
large plants of Table I-5 do not appear to be 
substantially less than the costs necessary for 
the economic large-scale desalinization of wa- 
ter, one might conclude, at least tentatively, 
that revenue from the sale of steam for de- 


Table 1-5 ESTIMATED COSTS OF PRODUCING ELECTRICITY AND HEAT 
IN THE FORM OF STEAM FOR SEAWATER DISTILLATION? 


Cost of heat in steam 


Cost of electricity from 


from dual-purpose plant 
if electricity is sold at 
the cost of its production 


; Net 
plant designed for power in the power only plant, siectricai Net elcctrical 
only, mills/kw(e)-hr cents/10° Btu 
Case output of output of 
(see Table T% to 5% 14% to 12.5% 7% to 5% 14% to 12.5% power-only dual-purpose 
I-4) financing financing financing financing plant, Mw(t) plant, Mw(e) 
1 3.97 6.16 20 30 470 240 
2 3.67 5.65 18.5 27 1410 720 
3 3.45 5.28 18 26 1002 510 
4 3.01 4.88 13 20 1110 620 
5 3.03 4.89 15 22 1140 600 
6 2.18 3.53 10 16 2770 1600 
7* 1.87 to 1.67 3.20 to 3.01 9 to 8 14 to 6 8300 4800 
8* 2.20 to 2.14 3.61 to 3.46 8 to 7.5 12 to 12 9000 6350 
9* 1.78 to 1.57 3.30 to 3.07 6 to 5 11 to 10 9000 6350 





*The range oí the estimates results from a range of assumptions as to natural-uranium cost, plutonium 


value, and capacity of fuel reprocessing plant. 
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SO tunities for utilizing plants of very large energy 
B output. 
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Power Reoctor Technology 


Thermal-Neutron 
Diffusion Parameters 


The good agreement between the measurement 
and calculation of neutron diffusion parameters, 
which was indicated several years ago, has been 
found to be somewhat premature with the advent 
of more advanced experimental techniques and 
more sophisticated methods of analysis. The 
purpose of this article is to review some of the 
recent papers pertaining to the measurement 
and calculation of diffusion parameters and to 
present the current status. Many of the papers 
reviewed were presented at the Neutron Ther- 
malization Conference held at the Brookhaven 
National Laboratory in the spring of 1962. 
The various aspects of the the.mal diffusion 
problem are best seen by examining the space- 
time-energy-dependent diffusion equation in a 
nonmultiplying scattering medium: 


p/e SOE y (Er) OE 

+ D(E,r) 92 ġ(E,r,t) 

+ H(E,r) ọ(E,r,l) + S(E,r,t) Q) 
where 


H(E,r) @(E,r,l) = J f P(E’ r,t) B (E, 
— E,r) dE'dr’ — o(E,r,t) >, (E) 


and v = neutron velocity correspond- 
ing to the energy E 
@ = neutron flux 
D = diffusion coefficient 
v? = thermalization operator 
2, = absorption cross section 
S = source term 
L.(E'.’ — E,r) = differential cross section for 
scattering 


x, ,(E) = total cross section for scat- 
tering 


In a pulsed medium at large times after the in- 
jection of the neutron burst, the asymptotic 
solutions of Eq. 1 can be written as: 


o(r,E,t) = R(r) gÚ (E)e (2) 


where @ is the lowest eigenvalue of the equation 
(- + Dt DB?) o(E) = Họ(E) (3) 


and $, (E) is the eigenfunction. 


Integrating Eq. 3 over all energies, and con- 
sidering only 1/v absorbers, gives 


B? Du + a-a = 0 (4) 


f n(v)v Ddv 


where Dv = - 
fno) dv 


ay = U(RT) L (RT) = u r (RT) 
k =the Boltzmann constant 
T = the absolute temperature 


For Bê = 0 (pulsed infinite medium), the solu- 
tion to Eq. 3 is a Maxwellian flux distribution 
and œ = dQ). When B° > 0, the spectrum n(v) is 
displaced to lower energies, and diffusion cool- 
ing results. If B? < 0, the spectrum is shifted to 
higher energies, and diffusion hardening is the 
result. Therefore Du is a continuous function of 
B? and can be expanded in the power series: 


Dv(B*) = D, -CB? + FB‘... (5) 


where C is known as the diffusion cooling con- 
stant. If Eq. 4 is substituted in Eq. 5, the rela- 
tion between a and B° is found as 


= a) + D)B°-CB‘+ FB! +... (6) 
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Here B? is the geometrical buckling andis given 
as the lowest eigenvalue of the equation 


v?R + B’R =0 (7) 


In the stationary or time-independent case, there 
may be asymptotic solutions of Eq. 1 at large 
distances from the source of the form 


o(r,E) = e7"? o,(E) (8) 
where «x is the smallest eigenvalue of 
(Z,— Dk’) $(E) = Hó (E) (9) 


and Ó$, is the eigenfunction. The term «’ can be 
expressed as 


K = aB (PT) + az Ya (bT) + agha(kT) +... (10) 


and K! can be defined as the thermal diffusion 
length when it is the eigenvalue corresponding 
to a positive eigenfunction e “* %@, (E) describ- 
ing the exponential decay of the thermal flux in 
an infinite source-free region, with no variation 
in the transverse y or z directions. For very 
weak absorption and at a large distance from 
the source, (uv) = o(E)/v has a Maxwellian dis- 
tribution at room temperature and deviates 
progressively and becomes hardened as the ab- 
sorption in the medium is increased. 
Equations 3 and 9 are of the form 


(Dr, F ze) $(E) = Ho(E) (11) 
where 


Pulsed-source experiment k, = B’, 


Ry =Q—Qy; Qo = u> (T) (12a) 


Diffusion-length experiment k; = SK, 


b, = _ u >a (bT) (12) 


A schematic of these functions is shown in 
Fig. II-1. Here qa, is vy times the cross section 
in pure moderator at the temperature 7, and 
«is the inverse diffusion length in the pure 
moderator. The uniform addition ofa1/ poison 
AZ,(kT) shifts the curve adistance vo Ax (FT) in 
the direction of positive a without changing the 
shape of the curve. Thus a larger value of x’, 
namely x, is obtained on the abscissa. The 
dotted curve in the pulsed-neutron experiment 


“a 
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region in Fig. II-1 relates the value of the decay 
constant a to the geometrical buckling of a me- 
dium that has an intrinsic 1/v absorption cross 
section >, (kT) = @g/Vo and to which a uniform 
1/v poison cross section AZ, (kT) has been add- 
ed. The solid curve in the diffusion-length ex- 
periment region relates x’, or the inverse length 
1/L?, to the added poison AX, (bT) in an infinite 
medium having an intrinsic 1/v cross section 


Vo AZ, (kT) 


a=aot DaB - CB 


Pulsed Neutron Region B2 


Diffusion 
Length 
Region 


K2 = a, Żol(kT) Vo Zoa(kT)- ao 


$05 Lge (kT) +: af 
ema Vo A Ea (kT) 





Fig. II-1 Schematic’? of the functions a (B?) and 


Za, (kT) = A/V. Only the small segment between 
the intercepts cannot be measured by either of 
the techniques. 


The nonasymptotic solutions of Eq. 1 describe 
the neutron flux and spectral distribution near 
discontinuities in the time-independent form of 
Eq. 1 and the flux and spectrum during the 
thermalization process in the time-dependent 
form. 


Diffusion-Length Measurements in H,O 


Three techniques have been used to measure 
the thermal diffusion length in water, differen- 
tiated by the source of thermal neutrons as 
follows: (1) thermal neutrons from a thermal] 
column; (2) a point source of low-energy neu- 
trons; and (3) a pulsed neutron source. One of 
the recent measurements is that made by Bal- 
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lowe et al.,!? at the Vallecitos Atomic Labo- 
ratory of the General Electric Company. In this 
measurement the thermal column of the General 
Electric Nuclear Test Reactor (NTR) was used 
as a source of thermal neutrons. The experi- 
mental arrangement consisted of a cylindrical 
cadmium-lined water tank, 23.75 in. in diame- 
ter, containing a close-fitting piston that was 
faced with cadmium except for a thin aluminum 
window at its center. The neutron detector, a 
thin B’°-ZnS(Ag) scintillator, was mounted be- 
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Starr and Koppel? have measured the diffusion 
lengths, using thermal neutrons from a thermal 
column in H,O poisoned by various concentra- 
tions of H;BO;. The measurements were made 
in a cylindrical water tank situated atop the 
Brookhaven Research Reactor, using small, bare 
indium foils spaced at intervals of 0.375 in. (or 
for heavily poisoned water, 0.250 in.) along a 
direction perpendicular to the thermal column, 
The value obtained for pure water at 21°C is 
also listed in Table II-1. 


Table IIl-1 DIFF USION-LENGTH MEASUREMENTS ON THERMAL NEUTRONS IN WATER 


Temp. at which Diffusion Diffusion 
measurement length L, length L 

Authors Year Reference Method was made, °C cm (at 22°C),* cm 
J. L. Russell et al. 1962 1,2 Thermal column 24.55 2.873 + 0.008 2.858 + 0.012 
Starr and Koppel 1961 3 Thermal column 21 2.754 + 0.008 2.760 + 0.008 
Reier and DeJuren 1961 4 Sb-Be 23 2.781 + 0.006 2.775 + 0.006 
Rockey and Skolnik 1961 5 Sb-Be 25.9 2.859 + 0.018 2.835 + 0.018 
Rohr 1962 7 Sb-Be 16 2.742 + 0.011 2.778 + 0.011 
Lopez and Beyster 1962 6 Pulsed source 26.7 2.828 + 0.016 2.803 + 0.016 
Küchle 1960 8 Pulsed source 22 2.744 + 0.080 2.744 + 0.080 

Dio 1958 9 Pulsed source 22 2.739 + 0.06 2.739 + 0.06 


*Conversion to 22°C made using dL/dT = 0.006 cm/°C. 


hind the window. Varying the position of the 
piston permitted the length of the column of 
water between the end of the tank and the piston 
to be varied as desired. The end of the cylin- 
drical water tank abutted the transition region 
to the graphite thermal column of the NTR, 
which served as the neutron source. The relax- 
ation length of the thermal neutrons emanating 
from the thermal column was evaluated by 
measuring the thermal-neutron flux as a func- 
tion of the length of the water column between 
the piston and the end of the water tank. 

Because of the cadmium facing, the logarith- 
mic shape of the curve of flux vs. distance re- 
mained the same regardless of the length of the 
water column, and the slope of this curve was 
the same as that measured in a medium of 
infinite length. The slope determined the relaxa- 
tion length and hence the diffusion length in the 
medium when corrections were made for geom- 
etry and background. 

The measurements were made at tempera- 
tures ranging from 25 to 93°C in pure water. 
Measurements were also made over essentially 
the same range in H,BO;, CdSO,, and Gd(NOs)5 
solutions. The water result at room tempera- 
ture is one of those listed in Table II-1. 


M. Reier and J. A. DeJuren‘ made diffusion 
measurements in pure water over the range 
from 23 to 244.4°C. They also made diffusion 
measurements at 23°C with various amounts of 
boron poison in the water and with one cadmium 
solution, using an Sb!™ -Be photoneutron source. 
They used the inhomogeneous form of the dif- 
fusion equation (which contains a source term) 
to determine corrections to the measured re- 
laxation length because of the significant ther- 
malization of the 24-kev neutrons, even at con- 
siderable distances from the source where the 
cadmium ratios were greater than 100. The 
solution to the inhomogeneous equation, on the 
assumption of spherical symmetry, consisted 
of the solution n = Gerty r, the source-free 
diffusion equation multiplied by a slowly varying 
correction term involving exponential integrals. 
The details of the source correction are given 
in Ref. 4. The measured diffusion length cor- 
rected for source effects at 23°C and the cor- 
rected value inferred for 22°C are listed in 
Table II-1. The source corrections at 23°C 
and 49°C reduced the uncorrected values of L by 
0.8%. At 70 and 90°C the correction was 0.6%. 

The diffusion length was measured in water 
over the range from 25.9 to 295.3°C inthe pres- 
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sure vessel of the Knolls Atomic Power Labo- 
ratory high-temperature critical assembly by 
K. S. Rockey and W. Skolnik.® They used 5- and 
10-mil foils made of P metal, an alloy of man- 
ganese (71%), copper (18%), and nickel (10%). 
The room-temperature result is listed in Table 
II-1. It is possible that the somewhat high value 
measured can be attributed to the neglect of 
source-neutron corrections. 

The third technique for measurement of the 
thermal diffusion length consists in injecting 
pulses of fast neutrons into moderator regions 
of different sizes and measuring the decay con- 
stant of the leakage neutrons distributed in the 
fundamental spatial mode. The asymptotic decay 
constant q is generally fitted to the series ex- 
pansion given in Eq. 6: 


æ = a) + DB: —CBš +... 


where oo = thermal-neutron density absorption 
probability of the unpoisoned me- 
dium, 2, (RT), at the ambient tem- 
perature, T 
Dy = thermal-neutron density coefficient* 
C = diffusion cooling coefficient 
B? = geometrical buckling 


The expression for the diffusion length may be 
found by using the prescription in Eqs. 12a and 
12b to obtain stationary diffusion parameters 
from pulsed diffusion parameters. Substituting 
— 1/L2= É for B2in Eq. 6 gives the relation 


2__ Do u C > (PT) 

= EGT) 1+ -p (13) 
when 42, (bT) C < Dš. This equation should yield 
values of L that are directly comparable to 
values measured by stationary methods. 

Lopez and Beyster® measured the thermal- 
neutron diffusion length in water at 26.7°C by the 
pulsed-source technique. The measured value of 
the diffusion length lies between values meas- 
ured by Rohr’ and Rockey and Skolnik (Table 
II-1). Kuchle and Dio PŠ who earlier used the 
pulsed-source technique to measure the diffu- 
sion length, obtained values that were some- 


*The value D, cm*/sec is related to the more fa- 
miliar average diffusion coefficient for neutron flux 
D having the dimension (cm2) by the average neutron 
velocity Dg, namely Do = D,D, where the averages are 
over the ambient temperature Maxwellian spectrum. 
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what low, as are shown in Table II-1. These 
lower values may have been the result of under- 
estimation of the effects of higher harmonic 
modes or to a container reflection phenomenon. 
Both of these sources of error are discussed in 
Ref. 6. 


Other Neutron-Diffusion 
Parameters in H30 


The close relation between the equations gov- 
erning pulsed-source experiments and diffusion- 
length measurements in poisoned water permits 
the evaluation of the characteristic pulsed- 
source diffusion parameters ay, Do, and C from 
stationary measurements. Although this has been 
known for many years, the measurements of 
Starr and Koppel? are the first to yield data of 
sufficient accuracy to yield a determination of 
the diffusion cooling C term (see Eq. 6). Thus 
the stationary and pulsed experimental results 
may be compared directly by comparing the dif- 
fusion parameters. 

In evaluating the diffusion parameters, Starr 
and Koppel? made a least-squares fit of the 
experimental data [?,2, (kT)| to Eq. 6 and to 
Eq. 10, substituting —« for B? and —vp2a(kT) for 
æ -Qg as prescribed in relations 12a and 125, to 
obtain for Eq. 6 


Za(kT) _ Do C 
K° 7 Ug to, K (14) 
and to obtain for Eq. 10 
K (kT) (15) 
—-Y = a, + 


The coefficients a and a, of Eq. 15 may be 
evaluated in terms of the diffusion parameters 
by recognizing the inverse series expansion of 
Eq. 6 to be 


= as 2 
pet On, C (ee. aO) 
Do Do \ Do 


and making the substitutions prescribed in rela- 
tions 12a and 126 for Æ and a -qay to obtain 


K 
ET) D - pgo Be?) (17) 


for Eq. 15. In this equation « is the inverse 
diffusion length measured in the poisoned me- 
dium, having the total macroscopic cross sec- 
tion > (kT) = X + Zp. The value of the hydrogen 


Spring 1964 


cross section was found by varying the value of 
£u in the expression 


K: K: 
> B = = (ale) 


until the variance from the least squares fit to 
the coefficients in Eq. 17 was aminimum. Using 
the linear functions, Eqs. 14 and 17, the diffu- 
sion parameters can then be obtained from the 
intercept and slope of these functions evaluated 
at the zero values of « or È, (kT). The results 
that were obtained from each equation are: 


Equation No. Dy C/Dy 
14 35,506 cm*/sec 0.11045 cm? 
17 35,852 0.07648 


Although the values of Dy) are in good agree- 
ment, the values of C/D are not. This is the 
result of the neglect of the higher order terms 
and is not surprising in the light of the 20% 
spectral shift in the most heavily poisoned me- 
dium. 

For a particular experimental error on the 
experimental points, there iS apparently an opti- 
mum range of poison concentration beyond which 
no further accuracy would be obtained in the 
determination of the diffusion parameters, D, 
and C Actually, if higher order terms were in- 
cluded in Eqs. 14 and 17 in order to fit the 
large poison concentrations better, the uncer- 
tainty in the first two terms would remain 
roughly constant. Thus a fit over a small range 
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of poison concentration seems to be as good as 
a fit over a wider range, so far as the determi- 
nation of D, and C is concerned. Therefore, to 
obtain an estimate of the error in the value of 
the diffusion parameters resulting from trun- 
cating the series, Starr and Koppel’ repeatedly 
fitted Eqs. 14 and 17 with progressively fewer 
points, dropping those corresponding to the 
highest poison concentrations and, at the same 
time, obviously increasing the uncertainty in 
both D, and C. Since the values of C as evalu- 
ated using Eqs. 14 and 17 would tend toward 
the same limit, and the ends of the error bars 
would tend to approach one another as the 
equations are fitted over a range of progres- 
Sively lighter poison concentrations, the fitting 
of the equations with fewer points was continued 
until the upper end of the error bar correspond- 
ing to the lesser value of C just touched the 
lower end of the error bar corresponding to the 
greater value of C. At this point a minimum 
total uncertainty could be assigned to the dif- 
fusion cooling coefficient C. The results ob- 
tained using this method of analysis are listed 
in Table II-2. When C/D, was determined from 
Eq. 17, the dropping of points caused much less 
shift in the values than when Eq. 14 was used; 
this indicates that the data are described better 
by Eq. 17. 

The thermal-column measurements of D, re- 
ported by Reier!’ are also listed in Table II-2. 


The Beyster and Lopez neutron diffusion pa- 
rameter data, listed in Table II-2, were meas- 
ured, uSing a high-intensity pulsed neutron 
source obtained by bombarding a water-cooled 
lead or tungsten alloy target with 23- to 25-Mev 


Table I-2 MEASURED AND CALCULATED DIFFUSION PARAMETERS IN WATER 


Temp. at which 


Refer- measurement 
Author Year ence Method was made, °C 
Starr and 1961 3 Thermal 21 
Koppel column 
Reier 1960 10 Thermal 22 
column 
Beyster 1961 6,11 Pulsed 26.7 
and Lopez source 
Küchle 1960 8 Pulsed 22 
source 
Honeck 12 Calculation 


37,426 + 368f 36,685 + 368 
37,630 + 404t 36,889 + 404* 4,153 + 852 324.8 + 1.6 
35,400 + 700 


Do 
Dp, (at 21°C) THO» 
cm?/sec cm?/sec C mb F 
35,850 + 100 35,850 + 100 2,900 + 350 326.9 + 1.6 
37,618 + 205 37,488 + 205* 328 + 6 


4,852 + 763 325.3 + 1.6 
35,300 + 700* 4,200 + 800 32646 


37,460 2,878 180 


*D, was corrected to 21°C, using dD)/dT = 130 cm?/(sec)(°C). No attempt was made to correct C, since this would 


shift C by a fraction of the error limits. 
fExtrapolation length = 0.32 cm. 
tExtrapolation length = (B). 
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electron pulses to produce bursts of 2 x 1019 
neutrons each by the (y,n) process. Neutron 
lifetime measurements were performed on small 
and large water samples that ranged in geo- 
metrical buckling from 0.014 to 0.59 cm”. 
Reference 11 lists additional data obtained over 
the buckling range 0.6 to 1.5 em, The effects 
of harmonic modes in the large water geome- 
tries were determined by measurements of the 
time-dependent spatial flux. It was found that 
these flux distributions were also adequately 
described by simple diffusion-theory calcula- 
tions. 

A three-parameter fit was made to the data, 
using Eq. 6. The extrapolation distance was 
calculated in two different ways. In case 1 the 
extrapolation distance was taken to be a con- 
stant d = 2.131 D,/T with T = 2//z 2.2 x 10° cm/ 
sec. In case 2,dwas assumed to vary with B°. 
The method of treatment of the extrapolation 
length did not greatly affect the results. The 
results of Kttchle® are also listed in Table II-2. 
These results were obtained by a three-param- 
eter analysis in the buckling range B’ = 0 to 
0.7 em 2. 


Comparison of Experimental and 
Calculated Diffusion Parameters 


Extensive calculations of diffusion parameters 
in H:O, D,O, and graphite have been made by 
Honeck.'? He solved the eigenvalue equation, 
Eq. 3, using the transport formulation for dif- 
ferent amounts of poison and employing the 
Nelkin bound-proton scattering kernel with oxy- 
gen included. The calculated eigenvalues were 
then expanded into a power series to obtain val- 
ues of Do, C, and F (Eq. 6). These values are 
listed in Table II-2. 
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Fig. Il-2 œ vs. B? for H,O at 26.7°C.! 
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Fig. I-3 Computed and measured diffusion param- 
eters in water." 


A comparison of the a vs. B° curves for H,O 
from the pulsed-source results of Lopez and 
Beyster and those of Kiichle® are given in Fig. 
II-2. Since the shape of Ktichle’s curve is very 
Similar to that found by earlier investigators, 
Beckurts!? concludes that background, backscat- 
tering, and even higher spatial modes cannot be 
the reason for the discrepancy. According to 
Buckurts the discrepancy must arise from the 
fact that Kuchle and the other investigators 
made the measurements in flat cylindrical as- 
semblies, whereas Lopez and Beyster used cu- 
bical assemblies. This contention is supported 
by the very strong effect of the extrapolation 
length in small water geometries found by Hall 
et al.,'* who did pulsed measurements on square 
and flat systems with quite different results. 
Since there are problems in connection with 
specifying the buckling in small water systems, 
Beckurts!3 is of the opinion that there are, at 
present, doubts as to the accuracy of pulsed 
measurements in water and that more confi- 
dence should be placed in the poisoning experi- 
ments. Although both the pulsed-source and 
poisoning techniques are suitable methods for 
measuring Dy) and dgn,0, there is uncertainty in 
determining the higher order coefficients in the 
power series Eqs. 6 and 10. Therefore it is 
preferable to compare the different measure- 
ments point by point rather than by the coef- 
ficients of a least-squares fit. Some of the 
measured and computed diffusion parameters 
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discussed above are compared in this way in 
Fig. II-3. 


Neutron -Diffusion Coefficient in D20 


Brown and Hennelly! measured the thermal- 
neutron diffusion coefficient as a function of 
temperature in D,O lattices. These measure- 
ments were made over the temperature range 
from 20 to 220°C by measuring the relaxation 
length of thermal neutrons in D,O containing 
known amounts of heterogeneous poison in the 
form of thin-walled copper tubes spaced on a 
variety of square lattice pitches. The measure- 
ments were corrected for the volume displace- 
ment and scattering of the copper as well as 
for the thermal-expansion coefficients. The 
measured values of D = Dọ/vọ are plotted in 
Fig. Il-4. 

The value of D obtained from pulsed source 
measurements in D,O by Ganguly and Waltner!° 
are also plotted in Fig. II-4. These experiments 
gave a value of C = 37,200 + 5000 for the diffu- 
sion cooling coefficient, which compares favor- 
ably with Sjdstrand’s!’ preliminary value of 
preliminary value of 35,000 + 8000 cm‘/sec. 


° 


x. f 


= Calculated Radkowsky Method 
O - This Experiment (15) 
O-Kosh and Woods 
O-Dexter et al 
4-Hone 
© - Ganguly and Waltner 
V-Raievski and Horowitz 
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Fig. U-4 Diffusion coefficient of D,O as a function of 
temperature. 
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The experimental values of the neutron dif- 
fusion coefficient D obtained by boron poisoning, 
measurement of extrapolation distance, and pile 
oscillation are also indicated. The agreement 
among all the measurements is good. The tem- 
perature dependence of the thermal diffusion 
coefficient was calculated using Radkowsky’s 
method in Ref, 15. This result is plotted in Fig. 
I-4; the variation of D with temperature is well 
described by this simple calculational model. 


Diffusion Parameters in Graphite 


Early pulsed-source measurements ingraph- 
ite systems resulted in a value of C, the diffu- 
sion cooling coefficient, in the range of 12 to 
16 x 10° cm‘/sec at a graphite density of 1.6 
g/cm, These values are in good agreement with 
the theoretical value of C = 14 x 10° calculated 
by Nelkin.! Later French and German measure- 
ments have indicated a C value about twice as 
large, as well as discrepancies in other param- 
eters. Therefore careful remeasurements have 
been made by Klose, et al.,!? Starr and Price,”! 
and Starr and de Villiers.”° 


Klose made pulsed-source measurements on 
45 graphite piles that ranged in buckling from 
7 x 10-4 cm? to 240 x 1074 cm—, A three- 
parameter least-squares fit of the decay con- 
stants to the Bê power series for œ (Eq. 6) was 
obtained with the a values weighted according 
to their relative accuracy. The fitting procedure 
was repeated, dropping all measured points with 
B? larger than a fixed Bmax, in order to investi- 
gate the dependence of the diffusion parameters 
on the buckling range used. By this analytical 
procedure it was concluded that, ifthe B° ranged 
included in the fitting procedure is small (i.e., 
only a few points are used), low values for D. 
and C are obtained, whereas, when B? exceeds 
about 60 x 10‘ cm, D, and C increase con- 
tinuously, indicating that the three-parameter 
fit is no longer adequate. With a four-parameter 
fit, no definite tendencies were noted, but the 
Dy) and C values were somewhat lower over the 
entire range of B’,,,,. These values are listed in 
Table II-3. It was surprising that a large nega- 
tive value was obtained for the F parameter, 
Since previous theoretical estimations have pre- 
dicted a small positive value. However, recent 
calculations by Honeck!? confirm the negative 
Sign and the order of magnitude of this coeffi- 
cient. The calculated results are listed in Table 
H-3. The large size and the negative sign of 
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F may arise because the thermalization power 
of graphite decreases strongly with the de- 
creasing neutron “temperature” orspectral 
softening (diffusion cooling) that occurs within- 
creasing buckling. 

Starr and de Villiers”? have determined the 
diffusion cooling parameter C in graphite by 
measurement of the average neutron velocity in 
graphite. The asymptotic neutron decay of a 
neutron burst in a series of graphite piles of 
differing bucklings was measured, using simul- 
taneously a detector in which every incident 
neutron was counted and a detector which had a 
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Starr and Price’?! measured the diffusion 
length in graphite and various graphite-bismuth 
assemblies by exponential measurements in con- 
nection with an investigation of liquid-metal- 
fueled reactor systems. The diffusion parame- 
ters of these systems were subsequently 
measured by pulsed-source methods, and the 
results were compared. The results were then 
combined to obtain a more accurate set of pa- 
rameters. In all cases the diffusion length de- 
termined from pulsed-source experiments 
agreed within statistical error with the diffusion 
length determined by exponential experiments. 


Table Il-3 MEASURED AND CALCULATED DIFFUSION PARAMETERS IN GRAPHITE 


Author Year Ref. Method Fitting 


Klose, 1962 19 Pulsed source 


Density 


3-parameter p= 1.6 g/cm? 


D C, F, of 


a° 
cm?/sec em‘/sec cm®/sec mb 


2.13 + 0.02 x 105 26 5x105 —20 10 x107 4.77 + 0.07 


Küchle, and 4-parameter p = 1.6 g/cm? 2.11 + 0.02 x 105 16 + 5 x 105 4.80 + 0.07 
Reichardt 
Honeck 1962 12 Calculation 4-parameter 2.178 x 105 24.57 x 108 -8.31 x 10! 
Starr and 1962 20 Pulsed source 
de Villiers (average 
velocity 
measurements) 
Starr and 1962 21 Pulsed source AA graphite, 2.09 + 0.03 x 10f 4144 x 105 3.83 + 0.06 
Price p = 1.674 g/cm? 
Starr and 1962 21 Pulsed source GBF graphite, 2.02 + 0.01 x 105 34 + 3 x 105 
Price p = 1.697 g/cmš 
Starr and 1962 21 Exponential AA graphite Diffusion-length average 54.5 + 0.5 cm 
Price measurements GBF graphite Diffusion-length average 50.7 + 0.3 cm 


1/v response sensitivity. Thus, at long times 
after the pulsed-source neutron burst, the ratio 
of the counting rate of the thermally black de- 
tector to that of the 1/v response detector is 
proportional to the density-weighted average 
velocity T. The detectors used were two physi- 
cally identical BF, proportional counters. The 
black detector contained 96% enriched B! and 
the gray detector contained 11% B! , The dif- 
fusion cooling constant C was determined by as- 
suming that D is a constant in the expression 
Dv in Eq. 5. Since D, equals r, D, D can be writ- 
ten as D/o, and Eq. 5 can be rearranged as 


follows: 
cC 
r= p. [1 — — + 
Í p. ° . 


Therefore a direct measurement of the average 
velocity as a function of buckling will yield the 
diffusion cooling coefficient C in terms of the 
more precisely known Dọ. The results of this 
measurement are listed in Table II-3. 


Since the pulsed-source experiments yield an 
accurate value of the diffusion constant, and the 
exponential experiments yield an accurate value 
of the diffusion length, the combined data should 
result in a more accurate determination of the 
thermal absorption cross sections. The experi- 
mental results are listed in Table II-3. 

The disparity of the values for the diffusion 
cooling parameter, C, listed in Table Il-3, may 
result from variations in density and from ani- 
sotropy effects in the graphite. However, the 
experiments indicate that the diffusion cooling 
parameter is substantially greater than was 
previously estimated, 
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II Fluid and Thermal 


Power Reoctor Technology 


Burnout in Multirod 
Geometry 


By John S. Wiley 


Introduction 


An article in the last issue of Power Reactor 
Technology compared two burnout heat-flux cor- 
relations'»? with data taken using channels of 
relatively simple cross section. The purpose 
of this article is to extend consideration to 
more complex geometries, namely, those in- 
volving a bundle of heated rods. Instead of 
considering the correlations themselves, this 
article compares the multirod data, where 
possible, with data taken in the simpler test 
sections. The annular test-section data are 
from Refs. 3 and 10, and the rectangular- 
channel data and circular test-section data are 
from Ref, 4. 

A basic difficulty in understanding flow phe- 
nomena in multirod bundles is illustrated by 
looking at a cross section of a typical bundle, 
Fig. HI-1. The various flow subchannels, which 
are numbered in Fig. III-1, offer ample op- 
portunity for mixing of their contents. One of 
the points made in Fig. III-14 of the last issue 
was that the test section’s equivalent diameter 
was an important variable.* Consideration of 
Fig. III-1 reveals that there are a number of 
equivalent diameters, and some of the flow 
channels are bounded by unheated surfaces. The 
varying equivalent diameters give rise to mix- 
ing, of course, and thus any diameter effect 


*The diameter effect shown on that figure can be 
approximated by (0.18/D)™$. This approximation will 
be used to extrapolate data to different equivalent 
diameters. 
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is inseparably tied to the amount of mixing 
between subchannels, 
Presentation of Data 


The first multirod data to be considered 
are found in Ref. 5. A total of five test sections 





~ _ 4(Total Flow Area) = 0.32" 
© " (Total Wetted Perimeter) i 

De, = 0.36" 

De, = 0.23 

De, = 0.35 


Fig. HI-1 Cross section of one of the multirod test 
sections used for burnout studies at Hanford Atomic 
Products Operation (HAPO). 
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Ref. 4 Dato - Table 21 
=0.18" 


G/10& 
i 
HAPO 19 -Rod Data 3 
De = 0.32'-0.074'Gap 
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HAPO 19 - Rod Data 


De =0.20" 0.015" Gap Ç 
— 
ç 
Wag. 


=, { 


$ po /106, Btu /(hr)(sqft) 





-6 -4 -2 O 2 4 
SEF/IO®, Btu /(hr)(sqft) 


Fig. HI-2 Comparison of Hanford multirod test- 
section data® with rectangular-channel data given in 
Ref. 4. Pressure = 1200 psi. 


were utilized in the study, and the description 
of each is given in Table III-1. The cross section 
of test section I is shown in Fig. II-1, and 
the various equivalent diameters are given on 
the figure. Burnout data taken with test sec- 
tions I* and H are shown in Fig. IHI-2, and 
burnout data taken with test sections III and V 
are shown in Fig. II-3. Also plotted on Fig. III-3 
are burnout data taken with test sections of 
annular and rectangular cross section. The 
annular-channel data were interpolated from 
the data given in Fig. III-4. The rectangular- 
channel data at an equivalent diameter of 0.28 
in. were extrapolated from the data taken with 
a channel having an equivalent diameter of 
0.19 in., using the following relation: 


PBOp=p,~ PB p=0.18 (0.18/D) t (1) 


where PBO pep is the burnout heat flux at diame- 


ter Dy, Btu/(hr)(sq ft); dpop.,,;, is the burnout 
heat flux at a diameter of 0.18 in., Btu/(hr)(sq 
ft); and D, is the equivalent diameter, in. 
Consideration of Fig. III-2 reveals that in- 
creasing the average equivalent diameter, De, 
increases the burnout heat flux, which is opposite 


*The heat fluxes plotted in Fig. II-2 correspond to 
the average burnout heat fluxes for test section I. 
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to the trend observed for the simpler channels, 
and is expressed in Eq. 1. This probably is 
caused by improved mixing as the rod-to-rod 
spacing is increased, although it is not possible 
to establish this quantitatively. Some mixing 
data for test section V have been reported.’ 
These data were obtained’ by measuring local 
water temperatures just downstream of the 
heated section, and the data were taken em- 
ploying single-phase flow. A total of 10 thermo- 
couples were utilized. The data were treated 
as though the rod bundle consisted of two reg- 
ions, One being within the bundle and the other 
being a region between the bundle and the 
pressure tube. This is shown schematically in 
Fig. HI-5. The results of the mixing study are 
quoted as follows:® 


. The data show that, over the 6.3-foot length, the 
average increase in the enthalpy of the coolant in 
sub-channels within the bundle is about 1.4 times 
the enthalpy increase of the coolant in the sub- 
channels between the bundle and the pressure tube 
wall. If no interchannel mixing had occurred, the 
enthalpy increase ratio should be about 3.0... 


If mass and energy balances are written for 
the bundle and wall regions, it is possible to 
solve for m,, m,, Hi, and H, if the relation be- 
tween m, and m, or H, and H, are known. The 
equations are as follows: 


5 A1 Az 
m= [z 2 ` gç) ° 
: LAr 
H, = Hin + m (3) 
2 PA, 
H, = Hi, + is (4) 
(Hy - Hin) = k(H2 — Hin) (5) 


where m, , = steam-water flow rate in bundle 
and wall regions, lb/hr 
m. = total steam-water flow rate, lb/hr 
p = heat flux, Btu/(hr)(sq ft) 
A, 2 = heat-transfer areas in bundle and 
wall regions, sq ft 


H, , = outlet enthalpy of steam-water 
mixture from bundle and wall reg- 
ions, Btu/lb 

Hin = inlet enthalpy, Btu/Ib 


k 


ll 


constant expressing relation be- 
tween H, and H, 


6 
` i 1 =41.0, Ref. 5. 
s. # vs S/tO 


i 6 
ect. Chonnel-G/!O =1.0, Ref. 4. 
alculated Data 


19-Rod Test Section 


$ po /108, Btu/(hr)(sq ft) 


Exit SEF for— m 
Run 336 from 

Wall Region 

k = 1.4 


Annular Channel Data 
Interpolated from Fig. M-4. Dota 


De =0.34 
Data, De = 0.28"-0.050" S 
op 
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Rectangular Channel 


De=0.19" 


Extrapolated 
to De = 0.28” 


= —Exit SEF for Run336 
from Bundle Region 


Run336,Ref.5 


SEF /108 , Btu/(hr)(sq ft) 


Fig. HI-3 Comparison of Hanford multirod test-section (T.S.) data® with data given in Refs. 3 and 4. 


Pressure = 1200 psi. 


With k = 1.4, solving Eqs. 2 to 4 for run 336 
(Ref. 5) results in the data shown in Table III-2. 
The calculations shown in Table III-2 are ap- 
proximate, since the division of flow area and 
heat-transfer area between the bundle region 
and the wall region was arbitrarily set and the 
area of the wire wraps was neglected. It was 
also assumed that mixing as measured with 
Single-phase flow is representative of the be- 
havior of two-phase flow. The outlet steam 
energy flows for the bundle, and wall regions 
are plotted on Fig. II-3; however, the agree- 
ment with rectangular-channel data is still 
lacking. Although agreement with the annular- 
channel data is not good either, the figure illus- 
trates that local conditions may be quite differ- 
ent from average conditions in a bundle with 
interconnected flow passages. 

The Westinghouse multirod burnout data are 
contained in Ref. 8. The cross section of the 
bundle is shown in Fig. III-6, and the test 
pressure was 2000 psia. The Westinghouse mul- 
tirod data correlate well with the rectangular- 


channel data given in Tables 21 and 15 of 
Ref. 4, and this is shown in Fig. HI-7. The 
figure illustrates one burnout point and several 
scanning points. The Westinghouse nine-rod 
test section was instrumented to measure wall- 
temperature increases at the exit of the center 
tube. These thermocouples did not function 
satisfactorily; hence the protection afforded by 
these thermocouples was lacking. The burnout 
run resulted in physical destruction of the test 
section, whereas the scanning runs were de- 
signed to approach the rectangular-channel 
correlation but with a heat flux about 15 to 20% 
lower. That this procedure was satisfactory 
is illustrated by Fig. II-7. The circular- 
channel data, illustrated in Fig. HI-8, appear 
to be conservative compared with the multirod 
burnout points. The test section was equipped 
with pressure taps located within the rod bundle 
as well as within the shroud (the area between 
the rod bundle and the walls defining the flow 
channel), An approximate analysis of the data 
resulted in the following conclusion:® 
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... (a) At the entrance, the velocity in the rod area 
is lower because the entrance pressure-loss co- 
efficient is larger; (b) in the center region, where 
boiling has not yet started, the velocity in the rod 
area is greater because the equivalent diameter in 
this area is larger; (c) near the end of the rod 
bundle, the velocity in the rod area decreases be- 
cause of the increased flow resistance caused by 
boiling and because the exit-loss coefficient is 
higher in the rod area. Since these flow patterns 
are only qualitative, their effect on DNB is not 
known, and depends upon many factors such as 
radial flux gradient, rod length and pitch, flow 
rates, entrance and exit losses and two-phase den- 
sities. In the present tests, axial-flow redistribu- 
tion apparently had little effect upon axial pressure 
drop and burnout. 
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O -Runs 212-234, 1450 psio 
A -Runs 151-164, 1000 psia 
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Fig. HI-4 Burnout heat-flux data from Ref. 3. 
Annular-channel geometry: equivalent diameter = 
0.34 in.; mass flow = 1.1 x 108 Ib/(hr)(sq ft). 
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Additional data that will be discussed can be 
found in Ref. 9. The test section used employed 
nine heated rods and is shown in Fig. HI-9, 
It is quite similar to the Westinghouse nine-rod 
test section except that the rod-to-rod spacing 
was quite a bit larger, about 0.19 in., as was 





Bundle Region 


Wall Region 


Fiow Tube 


1. EEREEBEEEBDEDEDOBRGav 


Fig. HI-5 Schematic of pressure tube and rod bundle. 
Here mt = flow rate in pounds per hour; H = enthalpy 
in Btu’s per pound. 


the rod-to-shroud spacing, 0.17 in. The actual 
values for these spacings are given in the 
reference, The above quoted numbers, as well 
as the equivalent diameters shown on Fig. III-9, 
are only approximate. Four test sections were 
constructed with a cross section as given in 
Fig. III-9 and a heated length of 18 in. The 
relative heater-rod powers were as follows: 


. Relative heater-rod power 
Test-section 





No. Rod A RodB RodC All others 
1, 3,4 1.00 1.00 1.00 0.80 
2 122 1,00 1.00 0.80 


Assemblies 3 and 4 were destroyed because 
rod A bowed at midspan and caused an electri- 
cal short to the shroud, The spacers for elec- 
trical insulation shown on Fig. IN-9 were made 
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of Rulon. One set of spacers was positioned 
about 10 in. upstream of the heated end of the 
test section, and a second set was positioned 
about 1 in. downstream of the end of the test 
section. 

Data were taken at nominal pressures of 
1000 and 1400 psia, and the 1000-psia data are 


Table HI-2 RESULTS OF MIXING CALCULATIONS 
WITH k = 1.4, RUN 336 OF REF. 5 


[Hin = 503 Btu/lb, om, = 22,120 lb/hr, 
@ = 284,000 Btu/(hr)(sq ft)] 


Outlet enthalpies, Btu/lb 


Bundle 769 (32.2)* 
Wall region 693 (19.8)* 
Average 746 (28.3)* 


Outlet mass flow, lb/(hr)(sq ft) 
Bundle region 
Wall region 


1.49 x 10® (13,430) 
0.67 x 10% (8,690)+ 


Average 1.01 x 108 
Outlet steam energy flow, 
Btu/(hr)(sq ft) 
Bundle region 2.94 x 10° 
Wall region 0.81 x 10° 
Average 1.74 x 10° 


*Number in parentheses is outlet quality in per- 
cent. 

¢Number in parentheses is outlet mass flow in 
pounds per hour. 
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Fig. HI-6 Cross section of multirod test section 
used for burnout studies at Bettis Atomic Power 
Laboratory. 
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D - Table 21 Dota, De = 0.18 
A - Table 15 Data, De = 0.18 " 
© - WAPD Multirod, De = 0.20" 


nt 


$ po /10®, Btu/(hr)(sq ft) 





SEF/10® , Btu/(hr)(sq ft) 


Fig. HI-7 Comparison of nine-rod test-section data® 
with rectangular-channel data appearing in Tables 15 
and 21 of Ref. 4. Pressure = 2000 psia; mass flow = 
1.0x 10 lb/(hr)(sq ft). 


illustrated in Fig. III-10. Also plotted in Fig. 
IlI-10 are rectangular-channel data from Ref, 10. 
It is evident that the kind of agreement be- 
tween rectangular-channel data and nine-rod 
test-section data shown in Fig. III-7 is not 
present. The combination of an unknown amount 
of bowing of rod A and the presence of the 
spacers as shown in Fig. II-9, however, make 
detailed analyses difficult. Although the up- 
stream spacer was about 20 hydraulic diameters 
upstream of the burnout point, the downstream 
Spacer was only about two hydraulic diame- 
ters downstream of the burnout point, and it 
seems likely that any flow redistribution caused 
by the downstream spacer would be evident 
only several equivalent diameters upstream. 
The steam-energy flows plotted on Fig. III-10 
were computed using the bulk exit qualities 
given in Table 4 of Ref. 9. Of particular interest 
are the five points taken with test section No. 2, 
where the relative power of rod A was 22% 
higher than in the data taken with test section 
No. 1. In all but three of the points plotted on 
Fig. HI-10 for the nine-rod section, burnout 
was detected as occurring on rod A, and the 
authors of the reference conclude that “... 
turbulent cross flow is sufficient to maintain 
a distributed quality pattern regardless of the 
distribution of quality generation for the clear- 
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D-Toble 12 Data, G/10°=0.97 „De = 0.2 3"' 


A-Toble IO Data, G/10®= 10 ,De=0.31" 
O-WAPD Multirod, G/10°=1.0 ,De=0.20" 









Scanning Points 


$ po /108, Btu/(hr)(sq ft) 


-{ O L 2 


SEF/108, Btu/(hr)(sqft) 


Fig. III-8 Comparison of nine-rod test-section data? 
with circular-channel data appearing in Tables 10 and 
12 of Ref. 4. Pressure = 2000 psia. 


ances of this test section.” Although this may 
be true, there is almost a 22% spread in 
the data about the appropriate line drawn on 
Fig. HI-10. 

Figure II-11 compares the multirod data 
appearing in Fig. I-10 with annular-channel 
data taken from Ref. 3. Although the comparison 
is not exact, it appears that the annular- 
channel data are a better representation of the 
burnout behavior of the multirod geometry than 
are the data taken in the rectangular test 
section. The two curves at a G of 1.1 x 10° 
lb/(hr)(sq ft) show good agreement. Unfortu- 
nately it is difficult to tell whether this is 
accidental or not since, as shown in Fig. HI-9, 
the multirod test section had a variety of 
equivalent diameters. 

The test section used to obtain the data given 
in Ref. 11* was similar in cross section to 
Fig. II-1 and was called the “high-heat-flux” 
test section. The shroud inside diameter was 
3.195 in., and the rods had an outside diame- 
ter of 0.550 in. Twelve of the rods were 


*The results of the Columbia program have been 
summarized and published as Ref. 14, which will be 
discussed shortly. 
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wrapped with stainless-steel spirals, and the 
test section was equipped with a burnout de- 
tector. The rod-to-rod spacing was 0.083 in. 
(the diameter of the spacer wires), whereas 
the rod-to-shroud spacing was about 0.1 in. 
minimum. The system pressure was a nominal 
1000 psia; the data are shown in Fig. III-12. 
The particular values plotted are those termed 
“good validity of the burnout point” in the 
reference. Other data having low or question- 
able validity are not shown. The heater tube 
material was Inconel X, having a heated length 
of 36 in. The relative heat fluxes were: 


Outer rod 1.0 
Inner rod 0.854 
Center rod 0.807 


The burnout heat fluxes plotted on Fig. UI-12 
are those corresponding to the power dissipated 
via the outer ring of rods. 


1.85" 


Square inside 
Spacer for Electrical 
Insulation 

a 





Pressure 
Tap 






Clearance 
For Flow 


= | 4(Total Flow Area) _ " 


e = (Total Wetted Perimeter) > 
Der," 0.67" 
Des 0.48" 
De, = 0.33" 


Fig. HI-9 Cross section of multirod test section 
used for burnout studies at General Electric’s Atomic 
Power Equipment Department (GE-APED). 
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H Fig. HI-12 were superimposed on Fig. III-11, 
it would be found that the data for the multi- 
rod test sections were very close together for 
a mass flow of 0.5 and 1.0 x 10° Btu/(hr)(sq ft). 
Thus the burnout behavior of the two-rod 
bundles appears to be reasonably well approxi- 
mated by the annular test-section data. 

Other multirod burnout data to be discussed 
will be found in Ref. 12. A cross section of the 
four-rod test section is shown in Fig. II-13, 
and a summary of the parameters of importance 
is shown in Table III-3. The spacers were de- 
signed to present as little restriction to flow 
as possible. They consisted of small cylindrical 
pins, oriented as shown in Fig. I-13. The 
spacers were located in planes 2 in. above the 
upper end and 9 in. below the upper end of the 
heated section. The spacers are quite different 
than the ones shown in Fig. II-9 and do appear 
to present little flow restriction. As shown in 
Table III-3, one rod had a slightly thicker wall 
to increase the heat flux, and the critical heat- 
flux detection thermocouples were welded to 
the hot rod. Some data were taken with all 
rods having an identical wall thickness; “... 


Test Section G/1IOŠ Equiv. Dia. 


O - 2B 0.72 
Ref. 10{ A - iB 
o 


= 3 
Ref. of 


$e Rectangulor Test 
N Section 


th 
N ‘8 
` ` ç es 


BR ~~ 
& 


$ po /106 , Btu/(hriisqft) 


9-Rod Test Section 





O { 2 3 
SEF /10®, Btu/(hr)(sq ft) 


Fig. HI-10 Comparison of nine-rod test-section 
data? with rectangular-channel data appearing in 
Ref. 10. Pressure = 1000 psia. 
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the data obtained with one rod hotter were 
compared with the data with all rods the same, 
and there was no difference in critical heat 
flux values, when the hot rod heat flux and 
average bulk steam qualities were used ...”!? 
Results obtained with the four-rod test section 
are shown in Fig. I-14. Presumably these 
data were taken with one rod slightly hotter, 


Table III-3 TEST-SECTION PARAMETERS: FOUR- 
ROD GEOMETRY 


3 and 4 ft 

0.419 in. 

0.020 and 0.022 in. 

Inconel X, heat-treated to 
1300°F for 20 hr, air cooled 

0.187 in. 

0.135 in. 

86 for 3-ft heated length; 104 
for 4-ft heated length 

Vertical, upward 

Single-phase, alternating cur- 
rent 

Distance between spacers 11 in. 


Heated length 

Hydraulic diameter 
Heater tube wall thickness 
Heater tube material 


Rod-to-rod spacing 
Rod-to-wall spacing 
L/D ratio 


Flow direction 
Electric power 


although no distinction was given in Ref. 12 as 
to which data were which. In Fig. HI-14 a 
hysteresis effect was noted in plotting the G = 
0.2 x 10 1b/(hr)(sq ft) data. This is noted in 
Fig. [I-14 by two straight, dotted lines running 
through the appropriate points. Although the 
differences in the locations of the two dotted 
lines are of minor importance, it would be of 
interest to know why there is a difference. 
Comparative annular-channel data are shown 
in Fig. HI-15. Although the annular-channel 
data do not exactly reproduce the four-rod data, 
there is a good correspondence at mass ve- 
locities in excess of 0.5 x 105 lb/(hr)(sq ft). 


Discussion 


The use of rectangular cross-section test- 
section burnout data may not be conservative in 
the thermal design of power reactors employing 
bundles of fuel rods. The Westinghouse data 
suggest that it is possible to design a multirod 
test section to yield good agreement between 
rectangular-channel and multirod burnout data, 
although not many experimental points are re- 
ported in Ref. 8. Lack of mixing might be 
blamed for the relatively poor multirod burn- 
out performance shown in Figs. II-2, II-10, 
and III-12 (compared to rectangular test-section 
data), but it is difficult to make quantitative 
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G/40® = 1.1 


9-Rod Test Section 
Data, See Fig. M-10 


P Bo/10, Btu/(hri sqft) 


G/io&=a56 


O- Runs 557-566 , Ref. 3 Data 
G/10®=0.41, De = 0.50" 

A- Runs 367-375 , Ref. 3 Data 
G/106 = 1.1, De = 0.50" 





O O.5 1.0 1.5 2.0 
SEF/108, Btu/(hr)(sqft) 


Fig. HI-11 Comparison of nine-rod test-section 
data? with annular-channel data appearing in Ref. 3. 
Pressure = 1000 psia. 


statements since few analytical or experimental 
mixing data are available for comparison. 
Reference 13 contains results of mixing ex- 
periments done with the fuel element for the 
Carolinas-Virginia Tube Reactor (CVTR). The 
CVTR bundle is similar to the bundle shown 
in Fig. HI-1 except that the outer ring of rods 
is on a hexagonal geometry instead of a circle, 
and a hexagonal flow liner surrounds the bundle. 
Boiling did not take place. Mixing was evaluated 
by injecting lithium nitrate into various sub- 
channels at the test-section inlet and measuring 
its concentration in various subchannels at 
positions along the length of the test section. 
The results will not be discussed herein; how- 
ever, this type of experiment may represent a 
method of obtaining two-phase mixing and burn- 
out data in a single test setup. 

The applicability of the annular-channel data 
to the prediction of rod-bundle burnout can best 
be considered by looking at the individual plots 
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and comparing the two. Figure I-11 shows good 
agreement at a G/10° of 1.1 between GE-APED 
nine-rod-bundle data and annular test-section 
data, although only two runs were reported for 
the nine-rod bundle at this value of mass flow. 
At a mass flow of about 0.5 x 10°, the DNB-1 
lines for annular and rod-bundle geometries 
have different slopes. Figure III-15 illustrates 
good correlation between GE-APED four-rod and 
annular-geometry data at mass flows from 1.0 
to 1.5 x 105 and fair agreement at a mass flow 
of 0.5 x 105, 

The Hanford and Columbia University experi- 
ments with 19-rod test sections are compared 
in Fig. HI-16. The data originating at Columbia 
plotted therein were taken with the “six-foot- 
long” test section; this was similar to the 
“high-heat-flux” test section discussed earlier 
but had a heated length of 6.0 ft and the rela- 
tive heat fluxes were as follows: 


Outer rod 1.0 
Inner rod 0.806 
Center rod 0.766 


The values of šo plotted on Fig. HI-16 for 
the “six-foot-long” test section are those cor- 
responding to the heat flux impressed on the 
outer rods. The Columbia University data are 
available in Ref. 14. 


Columbia 49-Rod Test-Section Dota 


Ref. {0 Data 
Rectangular Channel 
G/108= 1.4 


De= 0.5" 


$ 50/108, Btu/(hr)(sqft) 





O 1 2 3 á 
SEF/10% Btu/(hr)Xsqfl) 


Fig. HI-12 Comparison of Columbia 19-rod test- 
section data!! with rectangular-channel data appearing 
in Ref. 10. Pressure = 1000 psia. 
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Fig. HI-16 Comparison of Hanford® and Columbia! 
Fig. HI-14 Steam-energy flow plot of burnout data University 19-rod test-section burnout data. 
taken with 4-rod test section and reported in Ref. 12. 
Pressure = 1000 psia. 
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GE-APED 4- Rod Test Section 


wae rr = 0.187" 


rs = 0.135" 


GE-APED 9- Rod Test Section 
rr z 0.190" 
rs= 0.170 ”' 


Annular-Channel Dota, See Fig. II -4. 


Channel Thickness = 0.168" 
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Fig. HI-17 Summary of burnout data. Pressure = 1000 psia except where noted. Here rr = rod-to- 
rod spacing in inches; rs = rod-to-shroud spacing in inches; G/10 = 1.0 1b/(hr)(sq ft). 
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Fig. HI-18 Cross section of Columbia 12-rod test section at !/, in, from exit end of heated length. 
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The Hanford and Columbia data show fairly 
good agreement provided the rod-to-rod spacing 
of the Hanford 19-rod test section is at least 
0.074 in. Consideration of Figs. MI-2 and II-16 
suggests that the rod-to-rod spacing is an im- 
portant parameter and that ¢,, increases with 
an increase in this spacing, other variables re- 
maining constant. The Hanford data fall under 
the (extrapolated) Columbia data at a mass flow 
of 1.0 x 10°, This is reasonable, however, since 
the average heat flux across the Hanford bundle 
is plotted as a comparison to the heat flux for 
the outer ring of rods of the Columbia University 
test section, and the Hanford test section op- 
erated at 1200 psi compared to 1000 psi for 
the Columbia test section. 


Conclusions 


Figure III-17 is offered as a conclusion to 
this article. In this figure are plotted rod- 
bundle data, annular test-section data, and the 
GE-APED burnout limit curve of Ref. 2. The 
only previously unpresented data appearing in 
Fig, III-17 are those taken with the Columbia 
12-rod test section, shown in Fig. HII-18, The 
test pressure was 1200 psia, and the heated 
length was 12 in. The burnout limit curve ap- 
pears to adequately represent the rod-bundle 
data from the standpoint of safety except for 
the Hanford and the Columbia 12-rod test- 
section data. Although the Hanford runs were 
at a different pressure, there is no other 
evidence for such a large effect of pressure, 
and therefore the reason for the low burnout 
behavior of the Hanford 19-rod test section 
must be due to another variable. This could 
possibly be the relatively close rod-to-rod 
spacing, but the Hanford experiments on test 
sections II to V were done with the section 
horizontal, and this also might have had an effect 
on the results. The rod-to-rod spacing is noted 
on Fig. I-17, and it can be noted that bo does 
improve, in general, as the spacing is increased. 
The Columbia 12-rod test section is, of course, 
the exception. It is possible that ¢,, is nota 
Simple function of rod-to-rod and rod-to-shroud 
spacing, and Éo goes through a minimum cor- 
responding to the values of rr and rs of the 
Hanford test section with the 50-mil rod-to- 
rod spacing. On the other hand, the data from 
the Columbia 12-rod section are the first re- 
port for an entirely triangular pitch; the GE- 
APED test sections had square pitch, and the 
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19-rod test sections had a mixture of triangular 
and square flow channels. The relative con- 
fusion present in Fig. I-17 will probably con- 
tinue until mixing data are available on these 
several test sections. 
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IV Fuel Elements 


Power Reactor Technology 


Plutonium-Bearing Fuels 


The potential use of plutonium for recycle in 
power reactors has been discussed in several 
previous issues of Power Reactor Technology. 
The development of satisfactory plutonium- 
bearing elements is of vital significance to the 
fast-breeder reactor, but development is under 
way for both fast and thermal reactor applica- 
tions. The purpose of this review is to give a 
reasonably comprehensive picture of the present 
status of plutonium-bearing fuel-element devel- 
opment. The importance accorded plutonium as 
a fuel can be judged from the number of labora- 
tories in the United States that are working on 
plutonium-bearing fuel development; these in- 
clude Argonne National Laboratory, Hanford 
Atomic Products Operation, Los Alamos Scien- 
tific Laboratory, Mound Laboratory, General 
Electric’s Atomic Power Equipment Department 
(GE-APED), Battelle Memorial Institute, Nu- 
clear Materials & Equipment Corporation, and 
United Nuclear Corporation. In addition, most 
other countries supporting power-reactor pro- 
grams are conducting developmental work on 
plutonium fuels. 

This review includes discussions of the fabri- 
cation, properties, and irradiation behavior of 
plutonium compounds and their use in plutonium- 
bearing fuel elements. Basic metallurgical and 
physical property information is not included, 
fn general, since another Technical Progress 
Review, Reactor Materials, has a section de- 

oted to this type of information. Reference 47 
ontains a quite detailed account of the history 
f the discovery of the element plutonium and 
ome recent developments. 


xides: PuO2 and PuO2-UO2 


The applicability of PuO, is suggested by the 
idespread success that UO, has achieved as a 


fuel for power reactors. The French fast reac- 
tor Rapsodie may employ UO,-PuO, as a fuel,! 
and the Plutonium Recycle Test Reactor (PRTR) 
has operated principally with fuel rods’ contain- 
ing UO, and PuO,. The latter reactor is of 
the pressure-tube heavy-water-moderated type. 
These two programs are of particular interest 
since the fabrication processes for producing 
the elements are quite different. The French 
technique produces the basic fuel rod shown in 
Fig. IV-1 via a pelletizing process. The fuel- 
pin dimensions are shown in Table IV-1, which 
also includes the dimensions of a pin fabricated 
of an alternate fuel material, U-Pu-Mo alloy. 
The oxide process is based on the fabrication 
of pellets of the mixed oxides entirely in a 
glove-box line. The raw materials are am- 
monium diuranate precipitated UO, (ADU) and 
calcined plutonium oxalate for the PuO,. The 
materials are ball-milled and mixed to a paste 
after the addition of alcohol, camphor, and 
stearine. The paste is granulated and fed to a 
pellet-forming machine. The pellets are baked 
under vacuum and sintered at 1700°C under 
hydrogen. The final pellets contain 25 wt.% 
UO, and are loaded into the stainless-steel 
jacket tubes that are closed by electron welded 
end plugs. As of the writing of Ref. 1, the pro- 
duction line had been tested with UO,. 

The production of fuel elements containing 
PuO, at Hanford Atomic Products Operation 
(HAPO) has been the subject of a considerable 
amount of research.‘ The various methods con- 
sidered are summarized in Fig. IV-2, and a 
number of different shapes have been produced. 
This discussion will concentrate on the fabrica- 
tion methods used for those elements irradiated 
in the PRTR. The first core of the PRTR con- 
sisted of 52 natural UO, assemblies and 33 
enriched spike assemblies of 1.8 wt% plutonium 
(low exposure) alloyed with aluminum.’” Both 
types of elements employed 19-rod clusters of 
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Fig. IV-1 Ceramic fuel rod for the French fast reactor Rapsodie.! 
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Fig. IV-2 Oxide fabrication methods under study at Hanford Atomic Products Operation.“ 
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Table IV-1 FUEL-PIN DIMENSIONS?’ IN INCHES AT 20°C 


Alloy Oxide 
fuel fuel 
Rod length 15.75 13.39 
Rod diameter 0.216 0.226 
Niobium cladding 
outside diameter 0.232 
Niobium cladding 
thickness 0.008 
Stainless-steel cladding 
outside diameter 0.264 0.264 
Stainless-steel cladding 
thickness 0.0157 0.019 
Expansion space height 1.968 4.685 


/,¢-in.-diameter rods that had a length of 8 ft 
and employed Zircaloy cladding. The natural 
UO, elements were prepared by cold swaging. 

The histories of the PRTR fuel elements and 
the development work connected with the plu- 
tonium program at HAPO have been reported 
in a variety of Hanford publications. Prior to 
October of 1962, the results of the plutonium 
programs at Hanford were reported in the 
quarterly progress reports of the Fuels Devel- 
opment Operation®~*® and the Plutonium Metal- 
lurgy Operation.!°-!3 With the quarter starting 
October 1962, the information appeared in the 
quarterly progress report of the Ceramics 
Research and Development Operation.'4~'® The 
power operation!’ of the PRTR commenced in 
May 1961, and during the next year the reactor 
output was 7261 Mwd(t). The following quota- 
tion'? summarizes the status of the fuel-ele- 
ment program early in 1962: 


In the early part of 1962 the Plutonium Recycle 
Program (PRP) was advanced almost a year bya 
change in the core loading schedule for the Pluto- 
nium Recycle Test Reactor (PRTR). This was ac- 


complished by eliminating the spike core loading of 
thirty high exposure aluminum-plutonium fuel ele- 
ments and by advancing the charging date and 
charging rate of uniformly enriched Urania-Plutonia 
(UO,-PuO,) fuel elements. The new schedule re- 
sulted in a concerted fabrication effort and thirty 
UO,-PuO, 19-rod cluster fuel elements were pro- 
duced from March through June, 1962. Eighteen of 
these elements were produced by acold swage com- 
paction process and twelve by a vibratory compac- 
tion process. In addition, during this period three 
high exposure aluminum-plutonium, four low expo- 
sure aluminum-plutonium, and one swaged MgO- 
PuO, spike fuel element were assembled and trans- 
ferred to the PRTR for irradiation. 


In September 1962 the several special fuel 
elements had been inserted into the PRTR (see 
Table IV-2), and as of March 1963 the PRTR 
core contained 44 UO,-PuO,, 22 Al-Pu, and 
19 UO, elements, of which four UO,-PuO,, one 
Al-Pu, and seven UO, elements were considered 
as test elements.'* The composition of the PRTR 
core as a function of irradiation history is 
shown in Fig. IV-3. The fabrication of the Pu- 
Al spike elements is summarized in Refs. 19 
and 20, and Ref. 21 gives details on swageable 
end-cap design for the UO,-PuO, elements. 
Reference 22 contains details on vibratory- 
compaction fabrication techniques. 

The MgO-PuO, fuel element mentioned in 
Table IV-2 proved to be a particularly inter- 
esting one. In August of 1962 high coolant ac- 
tivity led to the examination of that fuel bundle, 
with the following results:'‘ 


Postirradiation examination revealed a longi- 
tudinal split (144-inches long and ‘44-inch wide) in 
the cladding of one rod, and washout of approxi- 
mately 9 inches of fuel material. There is no non- 
uniform discoloration of the cladding that would 
indicate overheating. 


Table IV-2 SPECIAL TEST FUEL ELEMENTS? 





Fabrication Fuel No. of Average exposure 
Fuel type method geometry elements (Sept. 1, 1962) 

UO, Vipac Tubular 1 1338 Mwd/ton of U 
UO, Vipac 19-rod 1 1129 Mwd/ton of U 
UO, Hot swage 19-rod 1 1010 Mwd/ton of U 
Pu-Al (HX) * Extrusion 19-rod 3 34.8 Mwd 
UO,-PuO, (HX) Cold swage 19-rod 2 16.6 Mwd 
UOQ,-PuO, (HX) Vipac 19-rod 2 17.0 Mwd 
MgO-PuO, (HX) Cold swage 19-rod 1 7.5 Mwd 


Maximum exposure to date for the UO, element, 2650 Mwd/ton of U 


Total reactor exposure to date, 8550 Mwd 


* (HX) = high-exposure plutonium, 10 to 17 at.% Pu, 
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Fig. IV-3 PRTR fuel-element history. 


The causes of the failure have been postulated 
as follows:” 


A combination of three factors probably caused 
the PuO,-MgO rod failure in the PRTR last August 
according to a tentative mechanism based on post- 
irradiation analyses: High localized temperatures 
were generated at several points of unexplained 
higher-than-normal plutonium concentration dis- 
tributed at six-inch intervals along the rods; auto- 
radiographs of some of the rods, including the failed 
one, revealed the high localized plutonium concen- 
trations. Moisture released by the MgO at exces- 
Sive operating temperatures attacked the inside of 
the Zircaloy cladding. A trace of impurity, possibly 
fluoride from anetchant trapped in aninternal clad- 
ding detect, caused the water to react much more 
rapidly than otherwise; severe pitting corrosion, 
not normally associated with water corrosion of 
Zircaloy, was found on the inside of the cladding 
around the failure. The hypothesis goes on to state 
that corrosion-generated hydrogen dissolved in the 
cladding and migrated to the cooler outside surtace 
Where it precipitated to form a massive hydride 
layer, since observed metallographically. The 
weakened cladding failed in a brittle manner, pro- 
ducing a ‘‘leaker’’, Continued irradiation permitted 
waterlogying and/or hydration ot the MgO to cause 
further splitting of the cladding in a ductile manner. 
This resulted in exposure of a section of the core 
to the heavy water coolant and a significant amount 
of core washout. 


Specifications for the MgO-PuQ, are given in 
Table IV-3 along with another developmental 
element containing ZrO,-PuO,. 

Preirradiation autoclave tests of deliberately 
defected (drilled holes) rods containing samples 
of the fuel used in the test elements were con- 
ducted. No evidence indicated that swelling of 


Table IV-3 SPECIFICATIONS FOR MgO-PuO, 
AND ZrO,-PuO, 19-ROD PRTR ELEMENTS” 





Swage- Swage- 
compacted compacted 
ZrO,;-PuO, MgO-PuO; 
Rod outside diameter, 
in. 0.565 to 0.570 0.565 to 0.570 
Core outside diameter, 
in. 0.503 + 0.002 0.503 + 0.002 
Cladding thickness, in. 0.032 0.032 
Core length, in. 88 88 
Fuel core volume, 
cm?/element 5449 5449 
Core density, % of 
theoretical 90 90 
Weight of core material, 
kg /element 27.217 17.928 
Weight of PuO,, 
g/element 371 371 
Percentage of PuO, wt.% 1.3 2.1 


Maximum core tempera- 


ture, °F 2923 (1606°C) 1652 (900°C 
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the high-fired magnesia would occur under PRTR 
operating conditions. However, additional tests 
after the failure of the PRTR element showed 
that swelling behavior was sensitive to the shape 
of the defect. As before, capsules defected with 
drilled holes did not swell, but those having 
splits milled in the cladding to simulate longi- 
tudinal cladding splits did swell. 

The PuO,-MgO fuel rods, made by the incre- 
mental loading technique, provided an interesting 
evaluation of the effect of fissionable fuel dis- 
tribution on postfailure washout behavior. Non- 
fissionable magnesia was readily washed from 
regions of low plutonium concentration, but fur- 
ther loss of fuel was prevented where plutonium 
concentration was high. In general, where fis- 
Sionable materials are uniformly distributed, 
experience has shown that in-reactor sintering 
of particle fuels effectively prevents loss of 
Significant quantities through cladding defects. 

Following the failure of the MgO-PuO, ele- 
ment all the PRTR fuel elements were ultra- 
sonically decontaminated, inspected, and re- 
charged into the reactor. No significant damage 
was discovered, although several bundles had 
missing or broken spacers. The reactor itself, 
and primary loop components, were also decon- 
taminated. The details are given in Ref. 22. A 
total time of 15 weeks was used for this clean- 
up, and the residual contamination was estimated 
to be less than 10 mg of Pu, out of an original 
washout of about 1.8 g. Reference 16 reports on 
two additional bundles with failed fuel rods. 
One bundle (5113) contained a rod with a %⁄- 
in. by 3/-in. hole about a yard down from the 
top of the rod. The second bundle (5174) con- 
tained three failed rods, with the holes adjacent 
to the top end cap weld. 

In extensive postirradiation examination and 
analysis, the failures were shown to be related 
to specific, small batches of fuel. Evidence 
points to three separate types of fuel contami- 
nation suffered during the summer and fall of 
1963. These were: (1) fluoride and chloride im- 
purities introduced as contaminants in plutonium 
metal that was to be oxidized; (2) high moisture 
content sorbed from glove-box atmospheres 
during periods of high outdoor humidity; and 
(3) traces of hydrocarbon introduced by failure 
of a bearing seal. The halide concentration of 
plutonium was experienced when a change was 
made in the sourceofsupply. Purification proc- 
esses were developed to adequately remove 
these halides. Diffusion of water vapor through 
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rubber gloves and plastic glove-box bags raised 
the moisture content of glove-box atmospheres 
to an undesirably high level (PuO.-containing 
fuel appears to sorb and hold moisture more 
tenaciously than does UO, alone). Failure of 
mechanical processing equipment is an obvious 
possibility that must be considered by any fuel 
fabricator. The unsuspected introduction of 
traces of oil from such mechanical failures 
points out the necessity for careful examination 


Table IV-4 DESIGN DATA FOR EBWR PLUTONIUM- 
BEARING CORE" 


Reactor loading 
Central core region Plutonium fuel, 36 fuel 
assemblies in 6 by 6 array 

Outer core region UO, fuel, 148 assemblies 

Total number of plutonium 
assemblies 

Number of rods per as- 
sembly 


Core composition 


42 (6 spares) 


36 (6 by 6 geometry) 

UO,- 1.5 wt.% Puo, 
(depleted UO,, 0.2% U235; 
high-exposure PuQ,, 


8% pu?®) 
Core length, in. 48.5 
Core weight, g 830 
Core density, % of theoreti- 
cal density 86 to 89 
Cladding Zircaloy-2 tubing 
Inside diameter, in. 0.372 
Wall thickness, in. 0.025 


and possible redesign of commercially available 
equipment that may cause trouble in semiremote 
operations. 

The use of mixed oxides in the form of powder 
in the loading of fuel rods has one advantage in 
that it is possible to vary the concentration of 
plutonium along the length of the rods to shape 
the axial power profile. This is accomplished 
by simultaneously loading small increments of 
PuO,, mixed with fine UO,, along with incre- 
ments of a coarse UO, fraction. The incre- 
mental loading can be done either during vibra- 
tory compaction or prior to a swaged-compaction 
step. One of the Hanford research programs 
reported”! involved the fabrication of a variable 
enrichment element for irradiation in the Engi- 
neering Test Reactor (ETR), and other pro- 
grams! have involved incrementally loading 
rods with the increments varying from 80 to 
150 increments of PuO,-UO, per rod. In gen- 
eral, the results have indicated that this incre- 
mental loading may produce segregation of the 
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plutonium-bearing material, and in one PRTR 
incrementally loaded rod the PuO, segregation 
made temperatures sufficiently high to cause 
center void formation and columnar grain 
growth!®.25 in a limited region. 

Another common way of loading the PuO,-UO, 
mixtures is called “bottle loading.” In this 
procedure all the fuel materials for one rodare 
preblended by mixing for a given period oftime. 
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This method produces a blend with a constant 
PuO, distribution to within + 0.1 wt.% when fi- 
nally loaded into a fuel rod.'® 

A plutonium-bearing core for the Experi- 
mental Boiling-Water Reactor (EBWR) is being 
fabricated at Hanford. Table IV-4 shows design 
data for the fuel loading. The fabrication tech- 
nique consists of blending PuO, with depleted 
UO, that has been pulverized and air roasted. 


Table IV-5 DETAILS OF EBWR-ETR CAPSULES!’ 
GEH-14-421, -422, -423, AND -424 


Fuel composition 
UO, 


PuO, 

GEH-14-421, -422 

GEH-14-423, -424 
Dimensions, in. 

Fuel, outside diameter/length 


Zircaloy-2 outside diameter/thickness/length 


UO, —2.5 wt.% PuO, 

Arc-fused; depleted U con- 
tains 0.22 wt.% U235 

Pu contains 7.8 wt.% Pu2 

Impacted physical mixture 

Physical mixture 


0.383/3.00 
0.420 /0.019/3.70 


Aluminum outside diameter/inside diameter/ 


length 


Complete assembly with bail, length 


Requested irradiation conditions 


Thermal-neutron flux, neutrons/(cm?)(sec) 


Rod power, kw/ft 
Heat flux, Btu/(hr)(sq ft) 


1.125/0.420/4.38 
5.00 


0.62 x 1014 
16.2 
500,000 


Exposure, Mwd/ton of fuel 


Zr O2 
U02 


Zr 


Fig. IV-4 Rod for fuel-element rejuvenation stud- 
: 14 
ies. 


1430 


This material is then put through the Dynapak 
process, which is described in Ref. 15. This 
process involves pneumatic impaction of the 
oxides at a temperature of 1200°C and an im- 
pact pressure of about 250,000 psi. Following 
the Dynapak operation the mixed oxides are 
loaded via vibrational compaction to 86 to 89% 
of theoretical density. Irradiations in the ETR 
of PuO,-UO, fuel rods have been accomplished, 
and details are given in Table IV-5. 

Another project under way at Hanford is one 
pertaining to fuel-element rejuvenation.'4 Fuel 
rejuvenation is defined as reenrichment of the 
fuel without total reprocessing and is being 
studied with the help of the fuel rod shown in 
Fig. IV-4. The element is designed to be re- 
enriched after irradiation by opening the rod 
and inserting PuO,;, or enriched UO,, into the 
concentric ¥-in.-ID ZrO, tube. One irradia- 
tion cycle had been accomplished at the time of 
writing of Ref. 16. The ZrO, tube was filled 
with vibratory-compacted enriched UQ,, re- 
sealed, and returned to the Materials Testing 
Reactor (MTR) for irradiation. Another con- 
cept involves the fast reactor to thermal re- 


Spring 1964 


actor exchange element. This concept consists 
of “...enriching depleted uranium fuel elements 
in the blanket of a fast reactor and then ir- 
radiating them in the core of a thermal reactor 
without intervening separation and refabrication 
processes ...”! This. element was designed to 
be irradiated in an existing fast reactor and the 
PRTR. Details of the element are given in 
Table IV-6. 

A number of capsule irradiations have been 
conducted to study various aspects of the mixed- 
oxide fuel elements. Table IV-7, for example, 
gives data on a series of irradiation tests with 
the following purposes:'4 


(a) determining the effect of PuO, content on the 
irradiation stability of the fuel, (b) comparing the 
in-reactor performance of fuel pellets prepared 
from mixtures of UO, and PuO, and from mixtures 
of UO, and (U, Pu)O, (from calcination of Pu(OH), 
and (NH,),U,O, coprecipitated from hot ammonium 
hydroxide), and (c) investigating the in-reactor sin- 
tering of low density (63-65% TD) uranium-pluto- 
nium oxide pellets. 


The high-density oxide capsules were designed 
to operate with a surface heat flux of 440,000 


Table IV-6 FAST-THERMAL REACTOR EXCHANGE 


ELEMENT’ 
Fuel rods 
Cladding material Zircaloy-2 
Fuel Depleted UO, 
Fuel density 86 to 89% of theoretical 
density 
Rod outside diameter 0.563 in. 
Rod inside diameter 0.505 in. 
Overall length 71% in. 
Fuel length 68% in. 
Wire wrap material Zircaloy-2 
Wire wrap diameter 0.35 in. 
Wire wrap pitch 10 in. 
Assembly 
No. of rods 16 
Array Square, 4 by 4 


Rod centerline spacing 0.598 in. 

Can material 304L stainless steel 
End hanger material 304L stainless steel 
Overall length 9674 in. 


Btu/(hr)(sq ft), whereas the low-density cap- 
sules were designed to operate with a surface 
heat flux of 275,000 Btu/(hr)(sq ft). After ir- 
radiation to an exposure of 166 x 10!8 fissions/ 
cm’, capsule GEH-14-86 was cross sectioned 
and samples were taken, with the aid of a 


diamond-tipped microdrill, from various radial 
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Table IV-7 CAPSULE IRRADIATION TESTS" 
OF UO,-PuO, 


Capsule data 
UO,-PuO, pellet size 
Diametral gap 
Cladding 
Atmosphere 
Size of capsule 


High-density pellet capsules 
(6 pairs) 
Identity number 
PuO, content 
PuO, type 
Sintering conditions 
Density 


Low-density pellet capsules 
(6 pairs) 
Identity number 
PuO, content 


!Á in. in diameter 

0.001 to 0.003 in. 

Zircaloy-2, 0.031 in. thick 

Helium 

“se in. in outside diameter 
by 2!⁄ in. in length 


GEH-14-19, -20, -85 to -91 

0.0259 to 5.67 mole % 

4 MCO,* 8 MMt 

1600°C in Hg, to 11 hr 

90 to 93% of theoretical 
density 


GEH-14-21, -22, -65 to -74 
0.0259 to 7.45 mole % 


PuO; type 2 MCO, 10 MM 
Heating conditions 1000°C in H, 
Density 63 to 65% of theoretical 


density 


* MCO, mixed crystal oxide; ratio of UO, to PuQ, is 5to 1. 
+ MM, mechanical mixture of UO, (natural) and PuO,. 


locations within the pellet.* These samples 
were analyzed radiochemically, with the re- 
sults as shown in Table IV-8. These data show 
that Pu, Ce!4-pr’“, Zr”-Nb%, and Sr” were 
relatively fixed within the capsule (little re- 
location), but the concentrations of the more 
volatile Cs!37 and Ru! were greater by orders 
of magnitude near the periphery of the pellet. 

GE-APED has conducted a series of irradia- 
tion experiments with PuO,-UO, fuel. These 
experiments were done in the General Electric 
Test Reactor (GETR), the irradiations taking 
place during part of the year 1960. The results 
of the experiments are reported in Ref. 26. 
References 27 and 28 describe studies done to 
compare oxide and carbide fuels for use in a 
fast reactor; they use the results obtained in 
Ref. 26. 

A total of 40 stainless-steel-clad specimens 
were fabricated’? and irradiated to burnups 
from 5000 to 99,000 Mwd/ton at heat fluxes 
ranging from 0.5 x 10 to 1.6 x 10° Btu/(hr) 
(sq ft). Following irradiations the specimens 
were given gamma scans, dimensional meas- 
urements were taken, and the fission-gas re- 


* This burnup corresponds to approximately 5600 
Mwd/ton of UO, and PuQ,. 
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Table IV-8 FISSION-PRODUCT DISTRIBUTION IN IRRADIATED!’ 
UO, —4.13 MOLE % PuO, CAPSULE (GEH-14-86) 





Radius 


Sample cm in. 








Plutonium, 
dis/(min)(ug U) pg/sample dis/(min)(ug U) dis/(min)(ug U) dis/(min)qg U) dis/(min)(ug U) 


Uranium, 


106 
Ru °, 


Ce!“p, 14 











Z r’ Nb”, 


Ce, 


1 0.378 0.147 8.6 x 103 1.8 x 102 7.7 x 10Š 1.3 x 10° 5.3 x 108 2.5 x 10° 
2 0.142 0.056 1.1 x 104 L.5 x 102 1.9 x 103 1.3 x 105 5.3 x 105 4.0 x 103 
3 0.262 0.103 7.6 x 103 1.4 x 102 3.7 x 102 1.1 x 105 4.1 x 10° 1.7 x 10° 
4 0.373 0.147 8.9 x 103 1.6 x 102 5.6 x 105 1.1 x 108 4.5 x 10° 2.9 x 103 
5 0.462 0.182 7.7 x 10° 1.1 x 102 2.2 x 105 1.1 x 105 4.5 x 108 5.0 x 105 
6 0.538 0.212 9.6 x 103 1.6 x 102 7.8 x 105 1.6 x 105 5.7 x 108 2.1 x 104 
7 0.599 0.236 7.0 x 103 1.3 x 102 5.3 x 105 1.2 x 108 4.1 x 105 6.4 x 104 

Nitrate Solution 

20% Pu ,40%U235 , 40% U 238 
Precipitation with NH4OH 
Drying- Reduction 
H2-N2 Atm 900°C 
I 
-300 Mesh I -140 +300 Mesh 


Pressing 3000 psi 


Sintering H2- He Atm 


1700°C 





Pellets 
90-95% 
Dense 





Sintering Ha-He Atm 
1400°C 
Bulk Density 40-50% 






Swaged Specimens 
75% Dense 


Fig. IV-5 Fuel preparation and fabrication flow sheet.28 


lease was determined. Central voids were 
measured, and some metallographic examina- 
tions were made. The fuel preparation is shown 
in Fig. IV-5, and the test specimens are shown 
in Fig. IV-6. The actual composition of the fuel 
is shown in Table IV-9. A total of 10 irradia- 
tion capsules were fabricated, each containing 
four of the fuel specimens. These capsules were 
placed in the GETR, which is cooled by water. 
Details of the irradiation conditions are shown 
in Table IV-10. The results of the fuel-element 
measurements are shown in Table IV-11. The 
fission-gas release data are given in partsa 


> 


and bof Fig. IV-7. Assumptions used to compute 
the data shown in the figure can be found in 
Ref. 26. 

Possibly the most interesting result is the 
presence of the void formed during irradiation. 
As indicated in Table IV-11, only 4 out of the 
40 specimens went through the experiment with- 
out forming a central void. In the case of the 
swaged specimens, it was possible to ascertain 
an approximate correlation between void size 
and heat flux, and this relation is shown in part 
a of Fig. IV-8. It can be seen that no void 
formed in the swaged specimens for heat fluxes 
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below about 500,000 Btu/(hr)(sq ft). Part b of 
Fig. IV-8 shows similar data for the pelleted 
specimens. The voids are smaller for the 
pelleted than for the swaged specimens at a 
given value oí heat flux, and the void size is 
not so strongly correlated with heat flux. Ina 
comment on the void formation in the pelleted 
specimens, the reference” states: “... since 
the pelleted specimens were fabricated with a 
6—8 mil diametral gap between the fuel and the 
cladding, and it is not known whether or not 
this gap closed during irradiation, this might 
explain the anomalies in the void formation in 
the pelleted specimens ...” The mechanism of 
the formation of the central void is postulated 


_ n End COD u uu 
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Fig. IV-6 Typical test specimens.” 
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to be? grain growth brought about by sintering 
and/or vaporization and redeposition rather 
than melting. Two of the specimens had off- 
center “central” voids, and these same sam- 
ples also had fuel-to-cladding gaps that may 
have allowed the fuel to contact the cladding at 
an isolated spot. Interestingly, a fuel-to-cladding 
gap in a swaged specimen during operation is 
postulated. 


Table IV-9 FUEL COMPOSITION?! OF GE-APED 
TEST SPECIMENS 


Isotope Wt.% 


pu239 18.81 
pu24 1.20 
u235 37.86 
U238 42.13 


Two unidentified phases were found in the 
fuel, and additional results of the metallographic 
observations are given in Table IV-12. The two 
phases arecalled “silver” and “gray” in Table 
IV-12, and Ref. 26 gives some information on 
their behavior. In 1961 a paper was presented?’ 
at a Symposium on Radiation Effects in Re- 
fractory Fuel Compounds that is, substantially, 
Ref. 26. The paper is discussed in Ref. 30, and 
this discussion would be of interest to the 
specialist. 


Information on PuO, properties is given in 
the Battelle Memorial Institute reports listed 
as Refs. 31 to 33. The first of these references 
lists, in tabular form, information on composi- 
tion; physical, mechanical, thermal, electrical, 
and chemical properties; and irradiation proper- 
ties for a number of fuel materials, among 
which is PuO,. Unfortunately the most common 
entry for this latter fuel material is “no data 
available.” References 32 to 34 deal with the 
stability of PuO, under various conditions. 


Carbides 


The carbides are receiving considerable at- 
tention as potential plutonium-bearing fuels 
because their thermal conductivity is highcom- 
pared to that of the plutonium-bearing oxides. 
In this country the Argonne National Labora- 
tory (ANL) and the United Nuclear Corporation 
appear to have done the most development of 
(PuU)C.3 In general, the fabrication method 
enjoying greatest popularity involves reacting 
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UO, and PuO, with carbon to produce the car- 
bides. The mixed carbides can then be pelleted 
by cold pressing and sintering; densities up to 
95% of theoretical density have been achieved 
by the use of nickel as a sintering aid. Los 
Alamos Scientific Laboratory (LASL) has pre- 


Vol. 7, No. 2 


pared various UC-PuC compounds by the direct 
comelting of uranium and plutonium metal with 
carbon in an arc furnace. 

The results of ANL irradiations of UC-PuC 
fuel rods have been reported in the 1961 and 
1962 annual reports of the Metallurgy Division 


Table IV-10 EXPERIMENTAL PARAMETERS FOR GETR IRRADIATIONS® 


Heat flux, 
Btu/(hr)‘sq ft) 
6 
Specimen Burnup, liad 
No. Mwd/ton* Maximum ` Average 

I-1-P§ 16,600 1.41 1.30 
I-2-P 13,600 1.36 1.10 
I-3-P 8,700 1.03 0.75 
I-4-P 4,700 0.62 0.40 
II-1-S§ 19,400 1.33 1.28 
II-2-S 16,100 1.34 1.09 
II-3-S 10,700 1.06 0.73 
II-4-S 6,600 0.72 0.45 
HI-1-S 26,000 1.14 1.06 
IlI-2-P 18,800 1.10 0.96 
IlI-3-P 15,100 1.02 0.77 
II-4-S 11,700 0.75 0.48 
IV-1-S 19,100 0.91 0.78 
IV-2-P 14,000 0.82 0.71 
IV-3-P 10,900 0.69 0.55 
IV-4-S 9,000 0.53 0.37 
V-1-S 99,000 1.52 1.27 
V-2-P 77,400 1.58 1.30 
V-3-P 54,400 1.28 0.92 
V-4-S 42,700 0.86 0.55 
VI-1-S 69,100 1.00 0.89 
VI-2-P 41,600 0.79 0.68 
VI-3-P 34,900 0.76 0.57 
VI-4-S 30,900 0.62 0.40 
VII-1-S 70,300 1.44 1.31 
VII-2-P 49,900 1.50 1.32 
VII-3-P 38,900 1.24 0.92 
VII-4-S 29,600 0.86 0.55 
VIII-1-S 45,200 1.07 0.83 
VIII-2-P 28,300 0.85 0.66 
VIII-3-P 23,100 0.75 0.54 
VUI-4-S 19,300 0.50 0.36 
IX-1-P 47,600 1.40 1.36 
IX-2-P 38,300 1.36 1.19 
IX-3-P 34,500 1.21 0.95 
IX-4-P 17,600 0.86 0.56 
X-1-Stt 36,300 0.91 0.88 
X-2-P 23,700 0.85 0.75 
X-3-P 16,800 0.71 0.54 
X-4-S 15,000 0.57 0.37 


Í b d0,+ Surface temperature, 
Btu/(hr)(ft) °Ft 
Maximum Average Maximum Average 

5,600 5,200 1,040 970 
5,400 4,400 1,010 830 
4,100 3,000 1,040 750 
2,500 1,600 1,010 650 
5,300 5,100 1,080 1,050 
5,400 4,400 1,120 940 
4,300 2,900 1,160 830 
2,900 1,800 1,130 750 
4,600 4,200 810 760 
4,300 3,800 790 730 
4,000 3,000 820 670 
3,000 1,900 710 500 
3,600 3,100 890 820 
3,200 2,800 1,030 910 
2,700 2,100 990 820 
2,100 1,500 880 660 
6,000 5,100 1,260 1,060 
6,200 5,100 1,180 1,020 
5,000 3,600 1,130 880 
3,400 2,200 930 650 
4,000 3,500 1,140 1,030 
3,100 2,700 1,060 950 
3,000 2,200 1,210 950 
2,400 1,600 980 680 
5,700 5,200 1,220 990 
5,900 5,200 1,170 950 
4,800 3,600 1,080 790 
3,400 2,200 950 630 
4,200 3,300 1,180 930 
3,300 2,600 1,220 920 
2,900 2,100 1,150 840 
2,000 1,400 820 590 
5,460 5,270 1,060 930 
5,300 4,700 ** ** 

4,850 3,200 990 740 
3,350 2,160 ** ** 

3,600 3,500 ** ** 

3,400 3,000 ** ** 

2,800 2,200 ** ** 

2,300 1,500 ** .. 





* Tons of plutonium and uranium (2000 Ib/ton). 
+ Linear power generation = 4r Í k d0. 

t Temperature at inner surface of cladding. 

8 P, pelleted specimen; 5, swaged specimen. 


q These specimens had no gas plenum. 
** Cladding thermocouple failed. 
tt Estimated data; majority of thermocouples 
failed during irradiation. 
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of ANL.*’ Arc-melted PuC and PuC-UC, and from the stainless-steel cladding or during 


pressed and sintered pellets of PuC-UC, were subsequent handling. Minor dimensional changes 
irradiated in the EBR-I. The burnups achieved were measured, with the densities, in general, 
were all the order of 1000 Mwd/metric ton. The decreasing on the order of 1%. The pressed 
arc-melted material was very friable and frac- and sintered material was stated to be “very 
tured into large numbers of pieces on removal durable” with minor dimensional changes. The 


Table IV-11 POSTIRRADIATION FUEL MEASUREMENTS?’ 











Active fuel length, Central void data 
Preirradiation Ss es = % of cross- % of post- 

Specimen density, % of Pre- Post- Postirradiation/ Diameter, sectional Length, irradiation 

No. theoretical irradiation irradiation preirradiation in. area in. length 
I-1-P* 93.5 1.605 t 0.034 to 0.044 5.0 to 9.7 1.60 100 
I-2-P 92.5 1.605 t 0.019 to 0.041 1.7 to 7.5 1.60 100 
1-3-P 93.3 1.605 + t t 
I-4-P 92.7 1.600 + No void 
II-1-S 75 1.825 t 0.051 to 0.071 11.7 to 21.3 1.67 90 
II-2-S 75 1.825 + t t 
II-3-S 75 1.825 t t t 
II-4-S 75 1.825 t 0.017 to 0.021 1.4 to 2.0 1.18 63 
II-1-S 75 1.825 1.91 1.05 0.056 to 0.057 12.5 1.30 68 
HI-2-P 93.3 1.544 1.65 1.07 0.014 to 0.018 1.0 to 1.1 0.50 30 
Il-3-P 92.3 1,553 1.63 1.05 0.020 to 0.023 2.0 to 2.3 1.32 81 
Il-4-S 75 1.825 1.91 1.05 0.014 to 0.050 1.0 to 11.0 1.33 70 
IV-1-S 75 1.825 2.07 1.13 0.036 5.7 
IV-2-P 90.7 1.552 1.65 1.06 0.034 to 0.035 5.1 to 5.4 1.55 94 
IV-3-P 89.0 1.564 1.63 1.04 0.031 to 0.035 4.0 to 5.4 0.70 43 
IV-4-S 75 1.835 2.04 1.13 No void 
V-1-S 75 1.825 1.99 1.09 0.047 to 0.067 9.8 to 19.5 1.50 75 
V-2-P 95.8 1.495 1.58 1.06 0.022 to 0.031 2.0 to 4.0 0.81 51 
V-3-P 94.5 1.473 1.53 1.04 0.005 to 0.009 0.2 to 0.4 0.86 56 
V-4-S 75 1.825 1.89 1.03 0.031 to 0.045 4.0 to 9.1 1.78 94 
VI-1-S 75 1.825 1.96 1.07 0.042 to 0.054 7.8 to 13.0 1.26 664 
VI-2-P 96 1.527 1.59 1.04 0.029 to 0.031 3.5 to 4.0 0.62 39 
VI-3-P 95.3 1.531 1.58 1.03 0.013 to 0.031 0.7 to 4.0 0.75 47 
VI-4-S 75 1.825 1.96 1.07 0.026 to 0.034 3.0 to 5.1 0.75 38 
VII-1-S 75 1.825 1.90 1.04 0.051 to 0.060 11.6 to 16.0 1.61 84 
VII-2-P 94.7 1.520 1.63 1.07 0.028 to 0.036 3.2 to 5.3 0.88 55 
VII-3-P 96 1.516 1.58 1.04 0.033 to 0.038 4.5 to 5.9 0.57 36 
V1I-4-S 75 1.825 1.98 1.08 0.022 to 0.036 2.2 to 5.8 1.32 67 
VIH-1-S 75 1.825 1.82 1.00 0.040 to 0.049 7.1 to 10.8 1.44 79 
VHI-2-P 94.2 1.530 1.57 1.03 0.013 to 0.013 0.7 1.17 74 
VIII-3- P 94.3 1.529 1.59 1.04 No void 
VIII-4-S 75 1.825 1.82 1.00 0.027 to 0.027 3.0 0.28 15 
IX-1-P 86.5 1.333 1.36 1.02 0.026 to 0.040 2.8 to 6.6 0.95 70 
IX-2- Pt 94.8 1.521 1.58 1.04 0.022 to 0.031 2.2 to 4.2 1.10 70 
IX-3-P 83.7 1.348 1.36 1.01 0.027 to 0.036 3.2 to 5.7 1.36 100 
IX-4- Pt 95.8 1.774 1.83 1.03 No void 
X-1-SS 75 1.825 1.85 1.01 0.040 to 0.054 7.1 to 13.0 1.72 93 
X-2-P 96 1.517 1.52 1.00 0.009 to 0.018 0.3 to 1.3 0.61 41 
X-3-P 96.5 1.514 1.57 1.04 0.013 to 0.027 0.7 to 3.0 0.42 27 
X-4-5 75 1.825 1.84 1.01 0.008 0.3 





* P, pelletized specimen; S, swaged specimen. 

+ No measurements taken. 

t These specimens had no gas plenum. 

§ Estimated data; majority of thermocouples failed during irradiation. 
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Fig. IV-7 Fission-gas release data.?6 


pressed and sintered pellets released 12% of 
the theoretical fission-gas release, and this 
was attributed’? to the low density of the pellets, 
about 55%. LASL has reported data on a num- 
ber of the properties of (UPu)C 36.39 


The UKAEA has been studying mixed carbides 
for fast reactor applications. Specimens of 
(UPu)C have been prepared by arc-melting 
uranium, plutonium, and carbon and casting in 
massive copper molds. Pellets have been pre- 
pared by cold pressing and sintering to greater 
than 95% of theoretical density. Data are shown 
in Table IV-13. Thermal conductivity of the 
carbides is given in Table IV-14. These data 
indicate that the addition of PuC to UC has the 
effect of reducing the thermal conductivity of 
the latter substance to about 70“ of its former 
value. 

Additional information on the preparation of 
PuC and (UPu)C can be found in Ref. 41, and 
Ref. 42 reports on the examination of irradiated 
(PuU)C fuel pellets. Irradiation data on (UPu)C 
pellets contained in Ref. 40 apparently came 
from the same experiments described in Ref. 
42, and since the latter reference was issued 


Vol. 7, No. 2 


later, the irradiation data contained therein will 
be cited. The reference* reports on the ir- 
radiation of nine stainless-steel-clad carbide 
fuel elements in the PLUTO reactor. Four of 
the elements contained arc-cast (Us Pu,;o)C pel- 
lets fabricated by direct arc-melting U-Pu 
metal with graphite. The pellets had a diameter 
of 0.1 in. They were ground to size and were 
incorporated in 20 Cr—20Nititanium-stabilized 
double-vacuum-melted stainless-steel tubing. 
Fission-gas space was allowed at one end of the 
assembly. Details on the sizes of the elements 
and conditions during irradiation are given in 
Table IV-15. Following irradiation, dimensional 
measurements were taken and no Significant 
changes indimensions were recorded. As Stated 
in Ref. 42: “... it was concluded that no notice- 
able distortion of the sheathing had occurred 
during irradiation...” Gas-release data are 
given in Table IV-16. It is evident that sample 
8024 exhibited considerably more gas release 
than a comparable sample, 8025. No reasons 
for this difference are given in the reference, 
although metallographic examinations were done 
to see if an explanation could be found. The 
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reference notes that the lack of fuel swelling 
can possibly be explained by the fact that the 
0.020-in.-thick cladding effectively restrains 
the fuel material. 

The plutonium fuel programs at the United 
Nuclear Corporation (UNC) are described in 
Ref. 43. The fabrication technique involves the 


Table IV-13 EFFECT OF SOME SINTERING VARIABLES 
ON THE DENSITY OF UC AND (UggPu,,)C PELLETS” 


Carbon Sintering Sintering Bulk 
content, time, temp., density, 
Pellet wt.% hr Eê g/cm? 

(U Pu)C 4.69 4 1585 13.11 
(U Pu)C 4.89 4 1585 13.11 
(UPu)C 5.25 4 1550 13.12 
UC 4.70 5 1550 12.99 
UC 4.70 12 1550 12.94 


Table IV-14 THERMAL CONDUCTIVITIES OF UC 
AND (UssPu;s)C CYLINDERS“ 


Carbon Thermal 
Fabrication Density, content, conductivity, * 
method g/cm? wt.% cal /(sec)(cm)(°C) 
Uranium carbide 
Arc cast 13.87 4.40 0.052 
Arc cast 13.64 3.77 0.052 
Arc cast 13.40 5.06 0.058 
Hot pressed 13.08 4.91 0.041 
Uranium plutonium 
carbide 
Arc cast 13.67 4.55 0.031 
Arc cast 13.55 4.71 0.036 
Arc cast 13.24 4.84 0.041 
Hot pressed 13.21 4.92 0.030 
Arc cast 5.03 0.040 
Hot pressed 12.90 ~5.2 0.030 
Hot pressed 13.04 5.41 0.030 


* Uncorrected for porosity. 
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reaction of a pelletized mechanical mixture of 
UO,, PuQ,, and carbon. The resulting material, 
called a clinker, is ground, cold pressed, and 
Sintered. The advantage of using the nickel 
Sintering aid can be seen in Table IV-17. 


Metallic Fuels: Alloys 


These fuels are of particular interest since 
a plutonium-containing alloy is proposed for 
use in the EBR-II for core 2. This alloy has 
the composition shown in Table IV-18. The goal 
mentioned in Ref. 44 for design of the plutonium- 
bearing element is a burnup of 5% (about 45,000 
Mwd/metric ton) with central metal tempera- 
tures up to about 700°C. Unfortunately the 
reference alloy (Table IV-18) undergoes serious 
swelling at lower burnups and lower tempera- 
tures. One suggested method of attacking the 
problem has been the use of a strong jacket to 
restrain the fuel material mechanically. The 
strong-jacket concept was discussed in Power 
Reactor Technology, 4(4): 86, and Ref. 55 isa 
more recent publication dealing, in part, with 
the subject. Another suggested solution has been 
reduction of the plutonium content to 10 to 15%, 
which also improves radiation stability.“ Re- 
sults of irradiation of prototype EBR-II core 2 
fuel elements were reported at a recent meeting 
of the American Nuclear Society.“ This refer- 
ence states that the minimum desired fuel burn- 
up is 1.5 to 2 at. and gives results of irradia- 
tions conducted in capsules in the CP-5 reactor. 
The cladding had a wall thickness of 0.009 in. 
and was separated from the fuel material by a 
sodium-filled gap with a (radial) dimension of 
0.0006 in. Results are quoted as follows: 
The initial irradiations were conducted primarily 


with commercially obtained Nb/1 wt% cladding. The 
cladding had an internal void volume amounting to 


Table IV-15 IRRADIATION DETAILS OF CARBIDE FUELS® 


(Specimen Composition in Each Case Is 10 Wt.% PuC —90 Wt.% Natural UC) 


Capsule 


Measured Measured 





total Calculated mean burnup, can Pou mateg 
Carbon Speci ' i Specimen heat specimen provisional surface p 
Specimen content, eee density, output, rating, Mwd/metric Gas temp., ci Sk oE 
No. wt.% Diameter Length g/cm? watts watts /g ton of fuel bond °C Surface Center 
8024 4.53 to 4.64 0.10 0.963 13.40 to 13.54 140 38 5,650 Ar 545 980 1010 
8025 No analysis 0.10 1.00 10.22 to 13.42 38 6,550 Ar 545 980 1010 
8013 4.54 to 4.61 0.10 1.94 13.35 to 13.59 252* 76.5f 12,500 He 420 462 480 
8014 4.52 to 4.65 0.10 1.34 13.24 to 13.59 196 91.5f 16,500 Ar 520 752 777 





* Estimated heat output. 
t Actually 54 watts /g. 
t Actually 21 watts /g. 
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13 per cent of the fuel volume. Other cladding ma- 
terials were also evaluated as they became avail- 
able. Among these were niobium, Nb/1 wt% V al- 
loy, Nb/33 wt% Ta/1 wt% Zr alloy, vanadium, 
molybdenum, and Ta/0.1 wt% W alloy. Cladding 
failures during irradiation could not be correlated 
with reported rupture strengths of the materials, 
and were generally traced to defects in the tubing 
materials. The failures occurred at burnups in the 
range of 1.0 to 1.5 atom per cent and were char- 
acterized by fracture or splitting of the cladding, 
originating at the hottest portion of the specimen 
and extending along the length of the specimen. 
Once a fissure had been established, the fuel gen- 
erally extruded through the opening. The majority 
of cladding failures were by brittle fracture of the 
material. Vanadium cladding in the fully annealed 
condition failed in a ductile manner. 

By improving the quality of the jacketing material 
and increasing the void volume within the cladding, 
the attainable burnup of the fuel prior to clad fail- 
ure was extended from 1.3 atom per cent to 1.9 
atom percent. The attainable burnup was further 
extended to 2.1 atom per cent by venting the clad- 
ding to permit escape of entrapped fission gas or 
bond sodium. 

Duplex tubing consisting of austenitic nickel al- 
loys coated on the inside surface with 0.002-in. of 
tungstenis also under evaluation. The tungsten bar- 
rier is used to isolate the plutonium alloy from the 
austenitic nickel, thereby preventing formation of a 
molten eutectic. With this configuration it has been 
possible to achieve a2.6 atom percent burnup with- 
out failure. 
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A tertiary alloy is being considered for the 
French fast reactor Rapsodie. The philosophy 
of canning the alloy, U-Mo-Pu, in a strong can 
is also being followed by the French, and a 
schematic of the Rapsodie fuel pin, using the 
alloy fuel, is shown in Fig. IV-9. The alloy 
will be injection cast into the niobium tube and 
capped with a resistance-welded niobium cap- 
sule. The niobium rod is then placed inside a 
stainless-steel can, using sodium as a thermal 
bonding material. Apparently a whole fuel pin 
such as is shown in Fig. IV-9 had not been 
fabricated when Ref. 3 was written, and the 
authors express concern as to the success of 
the double canning operation. Irradiation of 
U-Mo-Pu has also been done for the United 
Kingdom reactor program with the following 
quoted results: “...the avoidance of severe 
swelling at temperatures as high as 600°C 
presents a difficult problem...” 


There are, of course, potentially a large 
number of alloys with plutonium. The Pu-Al 
alloy was used as the spike enrichment ele- 
ments for the PRTR, although these elements, 
as designed, had short reactivity lifetimes and 
high throughput rates.? The PRTR spike en- 
richment fuel elements are 8-ft-long 19-rod 
clusters. Additional data on the elements are 
given in Table IV-19. Irradiation of the Pu-Al 
elements in the PRTR has produced shortening 


Table IV-16 FISSION-GAS RELEASE MEASUREMENTS® 
(Composition of Each Fuel Specimen Is 10 Wt.% PuC—90 Wt.% Natural UC) 





Estimated Measured 
volume of Xe Recoil volume of Xe 
Specimen produced, contribution, on puncture, Percentage gas release 
No. cm? at NTP cm? at NTP cm? at NTP [(measured/total produced) x 100] 
8013 1.052 3.6 x 1079 3.4 x 1074 3.2 x 107? 
8014 0.953 3.3 x 107° 1.3 x 107° 1.4 x 107° 
8024 0.238 8.55 x 107* 4.7 x 1073 1.96 
8025 0.279 9.9 x 1074 8.1 x 1075 2.9 x 107° 
Table IV-17 DENSITIES OF (UPu)C OBTAINED WITH AND WITHOUT 
NICKEL SINTERING AID® 
Sintering Ápororimate Average density Maximum density 
temp. for number of % of % of 
Material l hr, °C pellets made g/cm? theoretical g/cm theoretical 
(Uy gPuy.2)Co. 95 1965 200 12.54 92.4 12.83 94.4 
(Up. gPup.2)Co. 95 
+ 0.1 wt.% Ni 1590 200 13.15 96.8 13.30 97.8 
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of the fuel rods, which has been made apparent 
by the loosening of the spiral spacing wires 
around the rods.!!!5 Although the reason for 
the shortening of the rod apparently is not 
known in detail, Ref. 11 suggests that it is due 
to interaction between the Pu-Al core and the 
Zircaloy cladding. The shortening isa progres- 
sive phenomenon affected by the number of 


Table IV-18 FUEL ALLOY FOR INITIAL 
CORE 2 LOADING: EBR-II 


Element wt.% 
Zirconium 1.0 
Molybdenum 2.9 
Ruthenium 4.2 
Rhodium 0.7 
Palladium 2.2 
uu Bal. 
u235 15 to 18 
Plutonium 18 to 15 


thermal cycles and/or fuel-element exposure. 
The lack of wear and/or fretting corrosion as a 
result of the loose wires suggests that at 
operating temperature the wires are tightened 
by the differential expansion between the core 
and the cladding.!! The shortening has been 
noticed at an exposure of 54 Mwd, and one ele- 
ment with an average exposure of 74.2 Mwd 
exhibits a 0.28% shortening of a rod.!5 


A number of intermetallic compounds such 
as U-Pu, Th-Pu, Bi-Pu, Co-Pu, and Fe-Pu 
have been prepared, and some have been ir- 
radiated. The irradiations were at maximum 
fuel temperatures of about 450°C, and burnups 
of about 2% were attained. Cast alloys of tho- 
rium containing 5 and 10 wt.% plutonium ex- 
hibited excellent dimensional stability, but cold- 
rolled zirconium that contained 5 and 7 wt.% 
plutonium exhibited poor dimensional stability. 


Metallic Plutonium, Cermets, 
and Miscellaneous Compounds 


One application for nearly pure plutonium for 
power-reactor fuel is inthe Los Alamos Molten- 
Plutonium Reactor Experiment I (LAMPRE-]). 
The fuel for this experiment is 90 at.% Pu- 
10 at.% Fe contained in a tantalum capsule. 
The nominal rod size*® is 0.36 in. in inside 
diameter by 6'/, in. in length, with a wall thick- 
ness of 0.025 in. The alloys considered for 
LAMPRE-I are shown in Table IV-20. The ad- 
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dition of the alloying elements lowers the 
melting point of the fuel with respect to that of 
unalloyed plutonium (about 640°C). The tanta- 
lum capsule material suffers intergranular 
attack if the fuel is operated above 575°C. The 
Pu-Ce-Co alloy is of particular interest, since 
the plutonium content can be varied from 20 to 
88 at.% with a corresponding reduction in the 
cerium concentration. 


An alloy of Pu—1.25 wt% Al was used in 
core IV of EBR-I. The slugs of Pu-Al were 
0.232 in. in diameter and 2.121 in. long. They 
were contained in a Zircaloy-2 jacket, and a 
NakK bond was provided for heat transfer pur- 
poses. A total of 420 fuel rods and 10 thermo- 
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Fig. IV-9 The U-Pu-Mo fuel pin for the French fast 
reactor Rapsodie.’ 
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couple rods containing the alloy were fabricated 
and successfully irradiated in the EBR-I. 
Plutonium-bearing cermets have received 
considerable study. Researchers in the United 
Kingdom have prepared (UPu)O,—stainless- 
steel and (UPu)C-Fe cermets.*°4! The former 
material was fabricated by coating spheroids of 
(UPu)O, with stainless-steel powder and press- 
ing into compacts. Plates were then formed by 
roll bonding. Some irradiations have been per- 
formed of 30, 40, and 50vol.% oxide in stainless 
steel in the form of plates and pellets. The 
carbide-iron cermets were in a less advanced 
stage of study at the time of writing of Ref. 40. 
Oxide — stainless-steel cermets have been fabri- 
cated and irradiated in support of the Dounreay 
fast reactor program.’ They are made by 
coating (UPu)O, granules with stainless-steel 
powder, pressing into pellets, and sintering in 
hydrogen. Preliminary irradiations have given 
mixed results, but the data given in Ref. 50 are 
of a preliminary nature. Cermets of PuO, and 
PuC in a zirconium-niobium base alloy are 
receiving study at the BelgoNucléaire Labora- 


Table IV-19 MARK I-G ALUMINUM-PLUTONIUM 
FUEL-ELEMENT DATA” 





Pu, 1.81; Al, 95.40; 
Ni, 1.35; Si, 1.10; 


Core composition, wt.% 


Fe, 0.33 

Pu composition tolerance 

(standard deviation), wt.% Pu 0.04 
Core density, g/cm’ 2.77 
Average core weight (single rod), 

£ 780 
Average Pu weight per core 

(single rod), g 14.15 
Average core weight per element, 

(19-rod cluster), g 14,820 
Average Pu weight per element, 

(19-rod cluster), g 269.04 


Core diameter, in. 
Core length, in. 


0.500 + 0.0002 
87.500 + 0.020 


Cladding material Zircaloy-2 
Cladding inside diameter, in. 0.505 + 0.001 
Cladding outside diameter 

(nominal), in. 0.565 
Cladding thickness (nominal), in. 0.030 


Cladding length, in. 
Rod length (overall), in. 


89.115 + 0.010 


Regular rods 92.56 
Center rod 93.11 
Element length (overall), in. 97% 
Rod weight (approximately), Ib 3 
Fuel-element weight, 19-rod 
cluster (approximately), Ib 59 
Wire wrap material Zircaloy-2 
Wrapping wire diameter, in. 0.072 


Number of bands per element 





4 
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Table IV-20 LOW-MELTING ALLOYS SUITABLE FOR 
MOLTEN-PLUTONIUM FUELS* 


Solidus point, 


Alloy °C 
Pu—9.5 at.% Fe 409 
Pu- 12 at.% Co 405 
Pu- 12.5 at.% Ni 465 
Pu— Ce—12 at.% Co < 450 


ratories.*! Hanford reports on properties of 
PuN-Pu, PuN-W, PuO,-Zr, PuO,-Mo, and PuO,- 
W cermets in Refs. 14 and 16. LASL has pre- 
pared sintered pellets of PuO,—stainless steel 
and PuO,-Mo. 2° 

In summary, metallic fuels face formidable 
swelling problems in a reactor designed to 
operate with high-temperature fuel irradiated 
to large burnups. Reference 54, in fact, con- 
cludes that “... the potential of metallic sys- 
tems appears now to be very limited...” On 
the other hand, the author of Ref. 55 favors a 
simple U-Pu metallic fuel element containing 
25 to 30% internal void, and states that Nimonic- 
clad pins such as these have been successfully 
tested to 5% burnup (about 45,000 Mwd/metric 
ton) at 700°C temperature. 

The mixed-oxides system has been irradiated 
to high burnup in the GETR. Although the re- 
sults are encouraging, the irradiation of full- 
length fuel elements has only just started in the 
PRTR. It is concluded in Ref. 54 that PuO,-UO, 
mixtures behave similarly to UO, alone but with 
somewhat higher fission-gas release for the 
mixed oxides. Of the remaining Pu-bearing 
fuels, the solid solution of PuC and UC has 
promise, but few basic data are presently 
available. 
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Section 


|| Materials 


Power Reactor Technology 


Neutron Irradiation of 
Type 347 Stainless Steel 


Type 347 stainless steel is widely used inreac- 
tor core structures and fuel elements and in 
the construction of test loops for the in-pile 
testing of reactor materials and components. 
Information previously available in the litera- 
ture! indicates that fast-neutron irradiation 
of stainless steels to exposures of about 3 x 10”! 
to 4 x 107! nvt results in changes in mechanical 
properties such as increases of about 13% in 
ultimate tensile strength, increases of 60% in 
yield strength, and decreases of about 44% in 
total elongation. The study reported in Refs. 5 
and 6 was undertaken to determine the effect of 
neutron exposures in excess of 4 x 107! nvt. 
The study is of interest to designers, not only 
because it reports on the mechanical properties 
of encapsulated stainless-steel specimens after 
massive exposure to fast neutrons (1.1 x 102 
nvt), but also because it describes very inter- 
esting effects on test samples cut from sections 
of the operating J-10 pressure loop of the Engi- 
neering Test Reactor (ETR). 

For the encapsulated sample tests, AISI type 
347 stainless steel in the form of *4-in.- 
diameter rod, annealed and cold finished, meet- 
ing the specifications of ASTM A-276-55 (with 
an additional specification that the yield strength 
should be in the 50,000- to 65,000-psi range) 


was purchased for the test material. The com- 
position of the type 347 stainless steel employed 
in the test program is given in Table V-1. 
Table V-2 gives the results of tensile tests on 
the material. 


Two of the 11 capsules included in the sur- 
veillance program contained full-size Charpy 
V-notch and modified subsize Izod specimens. 
The specimens were arranged in three clusters 
spaced over the 8-in. capsule length. Each 
cluster contained two Charpy and four Izod 
specimens held in place by stainless-steel clip 
holders. 


The estimated fast-neutron flux exposures 
for capsules in the surveillance program, as of 
the end of ETR cycle 40 (Oct. 2, 1961), are 
given in Table V-3. The subsize tensile speci- 
mens contained in capsules BMI-24-6 and BMI- 
24-18 were examined and tested. It was noted 
visually that all specimens were in good con- 
dition. Those removed from the longer exposure 
capsule (capsule BMI-24-6) were more dis- 
colored with a deposit of light-reddish oxide 
than those removed from the shorter exposure 
capsule. Two specimens from each capsule 
were tested at room temperature (about 75°F), 
and two were tested at 600°F. The two remain- 
ing specimens of each capsule were annealed 
for a period of 1 hr at 1800°F and were then 
tested at room temperature or 600°F. The 
results of the mechanical tests are given in 
Table V-4. 


Table V-1 MANUFACTURERS’ ANALYSIS OF AISI TYPE 347 STAINLESS STEEL 
USED FOR IRRADIATION TEST SPECIMENS? 


Chemical analysis, wt.% 


Carbon Manganese Phosphorus 


0.057 1.72 0.024 0.016 


Sulfur 


Tantalum 
Silicon Nickel Chromium and niobium 
0.65 10.41 17.91 0.67 
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Table V-2 ROOM-TEMPERATURE MECHANICAL PROPERTIES OF AISI TYPE 347 
STAINLESS STEEL USED FOR IRRADIATION TEST SPECIMENS? 


Tensile 
strength, 
Specimen Tester psi 
Standard (0.505 Manufacturer 88,000 
in. in diameter) KAPL 91,300 
Subsize (0.16 KAPL 92,600 
in. in diameter) BMI 89,100 


Examination of the data in Table V-4 shows 
that irradiation increased the 0.2% offset yield 
strength about 190% at room temperature, in- 
creased the ultimate strength about 24%, and 
decreased the total elongation about 50%. Simi- 
lar changes in these properties were also ob- 
served in tests at 600°F. The data indicated 
that the effects of increasing the neutron ex- 
posure from 6.5x 107! to 1.1 x 10 nyt were 
minor at both test temperatures, being re- 
flected chiefly in differences in yield strength 
and total elongation. 

The properties of specimens irradiated to 
different levels of exposure and subsequently 
annealed for 1 hr at 1800°F before testing are 
also given in Table V-4. These results indicate 
that the annealing treatment was sufficient to 
remove nearly all effects of irradiation on the 


Yield Elongation, Reduction 
strength, % in in area, Rockwell 
psi 1.1 in. % hardness 
53,000 43.0 65.0 B 92 
56,000 63.0 B 84 to 87 
38,800 64.3 75.6 A 48 to 52 
35,000 61.0 73.5 


specimens. In particular, recovery of the yield 
and ultimate strengths of the stainless-steel 
specimens was facilitated, whereas recovery 
of preirradiation ductility was not quite so 
complete, especially in the specimens that re- 
ceived the higher irradiation exposure. A typi- 
cal stress-strain curve of type 347 stainless 
steel, tested in the unirradiated condition at 
75°F, after irradiation to an estimated exposure 
of 1.1 x 10? nvt, and after irradiation and 
annealing, is shown in Fig. V-1. The slope of 
the stress-strain curve obtained from irra- 
diated specimens after a 1-hr anneal at 1800°F 
is almost identical to that of an unirradiated 
specimen. 

The results of impact and tensile tests on 
AISI type 347 stainless steel have been deter- 
mined for exposures up to about 1.1 x 1022 nvt. 


Table V-3 SUMMARY OF BMI-24 SURVEILLANCE-CAPSULE EXPOSURES 
AS OF END OF CYCLE 40 


Total exposure as 
of end of cycle 40 


Type of specimens 


Capsule in capsule 
BMI-24-2 Tensile and fatigue 
BMI-24-4 Tensile and fatigue 
BMI-24-6 Tensile and fatigue 
BMI-24-8 Tensile and fatigue 
BMI-24-10 Tensile and fatigue 
BMI-24-12 Tensile and fatigue 
BMI-24-14f Impact 
BMI-24-16f Impact 
BMI-24-18 Tensile and fatigue 
BMI-24-20 Tensile and fatigue 
BMI-24-22 Tensile and fatigue 


Top 


8.7 
7.0 
11.0* 
8.4 
9.1 
9.7 


5.8 


9.7 
4.4* 
4.4 
4.6 


(10-2-61), x 1021 nvt 


Bottom Remarks 
10.3 In-pile since cycle 4 
9.3 In-pile since cycle 4 
8.4* In-pile since cycle 4 
9.0 In-pile since cycle 4 
7.4 In-pile since cycle 4 
9.7 In-pile since cycle 4 
5.6 Discharged from reactor 
at end of cycle 28, and 
specimens tested 
8.4 In-pile since cycle 4 
6.4* In-pile since cycle 19 
6.4 In-pile since cycle 19 
6.2 In-pile since cycle 19 


*Capsules BMI-24-6 and BMI-24-18 were discharged from the reactor at the end of cycle 42 
(about Jan. 15, 1962) with exposures of about 0.93 x 1022 to 1.1 x 10? and 5.1 x 107! to 7.4 x 10?! 


nvt, respectively. 


tCapsules BMI-24-14 and BMI-24-16 contain 12 subsize modified Izod specimens and 6 
regular-size Charpy V-notch specimens. All other capsules contain 6 each subsize tensile and 


cycle-strain fatigue specimens. 
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This exposure level is, to date, the highest for 
which tensile properties of type 347 stainless- 
steel specimens have been reported, At an ex- 
posure of about 6.5 x 10? nvt, the impact 
strength was reduced by about 50% at room 
temperature and considerably more at liquid- 
nitrogen temperatures. The fracture produced 
at room temperature was generally oí the 
ductile type. At liquid-nitrogen test tempera- 
tures, the fracture was a combination of cleav- 
age and shear types, more indicative of brittle 
fracture. 

Tensile tests performed on subsize speci- 
mens of type 347 stainless steel showed in- 
creases of nearly 200% in the 0.2% offset yield 
values and increases in the ultimate strength of 
about 25%, as results of irradiation to 1.1 x 10” 
nvt. Conversely, very large decreases in total 
elongation were observed. The hardness of 
specimens irradiated to exposures of 6.5 x 102! 
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nvt increased approximately 15% over the hard- 
ness of similar unirradiated material. Little 
change in hardness occurred as the result of 
increasing the neutron exposure from 6.5 x 10?! 
to 1.1 x 10° nvt. These data and the results of 
tensile tests indicate a trend to saturation of 
irradiation effects in type 347 stainless steel 
when irradiated at process-water temperature 
with neutron exposures near 6.5 x 107! nvt. 

The ability to remove most of the effects of 
neutron irradiation by postirradiation annealing 
was demonstrated. Annealing for 1hr at 1800°F, 
in most cases, caused the recovery of the pre- 
irradiation properties, but complete recovery 
of ductility was not achieved, particularly in 
the specimens that received the higher neutron 
exposure. 

In addition to the tests described above, Refs. 
5 and 6 report the results of tests conducted 
on specimens cut from sections of the J-10 


Table V-4 COMPARISON OF THE TENSILE PROPERTIES AT 75 AND 600°F OF UNIRRADIATED, 


IRRADIATED, AND IRRADIATED AND ANNEALED TYPE 347 STAINLESS STEEL* 


Total Yield 
integrated strength Ultimate Total 
fast flux (0.2% tensile Uniform elonga- Reduction 
(>1 Mev), offset), strength, elonga- tion, % in of area, 
nvt Capsule Condition 10° psi 10° psi tion, % 1.1 in. q 
Tested at 75°F 
0 Unirradiated 34.5 87.7 >40.0 61.8 75.0 
O Unirradiated 36.0 90.0 >40.0 62.6 73.5 
0 Unirradiated 34.5 89.5 >40.0 66.3 72.0 
0* Unirradiated 38.3 92.5 63.4 75.0 
us Unirradiated 38.7 92.8 64.7 76.0 
0* Unirradiated 39.3 92.4 64.7 75.6 
7.6 1074+  BMI-24-18 As irradiated 104.0 112.0 25.8 34.5 68.5 
5.51074 BMI-24-18 As irradiated 88.7 111.5 24.7 32.7 70.0 
1.1 x 10" — BMI-24-6 As irradiated 103.5 112.5 24.3 30.9 70.0 
9.2 x 107+ BMI-24-6 As irradiated 109.0 113.0 25.4 30.9 78.0 
1.1 x 10?f — BMI-24-18 Irradiated and annealed 33.0 87.1 52.1 55.5 75.0 
at 1800°F for 1 hr 
6.6 x 107'+ BMI-24-6 Irradiated and annealed 33.8 87.5 57.5 61.0 77.0 
at 1800°F for 1 hr 
Tested at 600°F 
0* Unirradiated 26.9 63.8 36.4 71.0 
0* Unirradiated 28.5 66.5 34.9 71.6 
0* Unirradiated 28.0 65.9 34.9 69.4 
7.2 x 10f BMI24-18 As irradiated 81.8 83.0 10.7 14.5 61.0 
5.5 x 10%} — BMI-24-18 As irradiated 80.0 84.0 13.2 16.4 60.0 
1.1 x 107¢ BMI-24-6 As irradiated 86.8 89.0 10.1 13.3 60.7 
8.7 x 10747 BMI-24-6 As irradiated 85.3 87.5 9.0 11.9 60.7 
1.0 x 107? BMI-24-6 Irradiated and annealed 28.2 64.3 27.7 30.0 68.0 
at 1800°F for 1 hr 
5.5 x 1074¢ — BMI-24-18 Irradiated and annealed 27.4 65.0 28.7 31.7 68.0 


at 1800°F for 1 hr 


*Tests made by Knolls Atomic Power Laboratory. 
tValues based on Fef — Mn"! reaction. 


tValues based on cycle-to-cycle determination of N 


¡58 


— Co? reaction. 
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loop that operated in the ETR at the National 
Reactor Testing Station for about 17 months. 
The loop components from which the test sam- 
ples were cut consisted of two basic capsules 
or tubes, an inner tube containing test speci- 
mens in a pressurized-water or -steam atmos- 
phere, and an outer surrounding tube (or jacket) 


120 


Stress, 1000 psi 
o 
O 


O O- Unirradioted ,Test Temp. 75°F 
O- Irradiated , Test Temp. 75°F 
A- Irradiated , Test Temp. 600°F 
O - Irradiated , Annealed 1800°F, 
One Hour Test Temp. 75°F 





+A 
O 


y= 
e 


20 


O 
O 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
Strain, in./in. 


Fig. V-1 Stress vs. strain for AISI type 347 stain- 
less steel before and after irradiation to 1.1 x 1022 
nvt. 


separated from the inner tube by a helium gas 
annulus. The outside of the outer tube was in 
contact with the 120°F process water. Thus the 
inner or pressure tube underwent irradiation at 
a temperature of about 750°F under significant 
pressure and thermal stresses, whereas the 
outer tube was exposed to the same irradiation 
but at a temperature of about 120°F with no 
significant stresses present. 

The J-10 test loop was placed in service in 
the ETR in October 1959 and was removed on 
Mar. 16, 1961. During this time the loop was 
exposed to approximately 222 effective full- 
power days (approximately 38,800 Mwd) at an 
estimated maximum flux (above 1 Mev) of 3.8 x 
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10! nv. The 36-in.-long section, which had 
resided in the ETR core, was removed from 
both inner and outer loop sections and was 
examined at Battelle. 

The initial chemical and physical properties 
of the material from which the pressure tube 
and the gas jacket were fabricated indicated 
that the compositions and fabrication conditions 
of both the pressure tube and the gas jacket 
were similar, although forging of the pressure 
tube was accomplished at a higher temperature. 
The tensile strength of the inner pressure tube 
was slightly higher, and the 0.2% offset yield 
strength was appreciably higher than that of the 
gas jacket. The ductilities of both loop sections 
were approximately equal in the preirradiation 
condition, 

Table V-5 gives the results of tensile tests 
on 3 unirradiated, and 18 irradiated, type 347 
stainless-steel specimens that were machined 
from the inner and outer loop sections and 
tested at room temperature and 600 or 750°F. 
The procedure employed for the elevated- 
temperature tests was to heat the specimen to 
600 or 750°F and maintain this temperature 
for 30 min before beginning the test. The un- 
irradiated values listed in the table are for 
comparison and include handbook data, results 
of tensile tests from specimens machined from 
an uncontaminated outer loop section, and data 
from McInnes Steel Co. personnel who prepared 
the inner J-10 pressure tube. 

All the test specimens fractured within the 
2-in. gauge length and exhibited necking in the 
area of fracture. However, the inner loop 
specimens gave evidence of reduced ductility 
as shown by small uniform elongations, a 
severe reduction in total elongation, and de- 
creases in the reduction in area. Tests made 
at room temperature on specimens from the 
outer jacket indicated that the yield strength 
and ultimate strength had been increased about 
120 and 80%, respectively, over the unirra- 
diated material. The total elongation and the 
reduction in area were decreased approximately 
50 and 12':, respectively. 

The outer jacket material when tested at 750° F 
showed about the same degree of increase in 
the ultimate strength, a slightly smaller in- 
crease in yield strength, and further decreases 
in total elongation and reduction in area as 
compared with unirradiated specimens, The 
decrease in total-elongation values asa function 
of increasing test temperature to about 900°F 
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Table V-5 TEST RESULTS OBTAINED ON IRRADIATED TENSILE SPECIMENS 
MACHINED FROM SECTIONS OF THE J-10 LOOP® 
Approx. 
peak 3 i ear Yield Ultimate Total 
irradiation beens Test strength tensile elongation Reduction 
test temp., ese temp., (0.2% offset), strength, (in 2 in.), of area, 
Specimen °F 10! nv 107! nvt °F 103 psí 103 psi % q 
Inner Loop, Initial Tests 
ST-3-L 510 1.0 1.9 75 132.0 132.0 4.25 53.5 
ST-2-I 625 2.0 3.9 75 145.0 145.0 6.50 54.5 
ST-2-H 735 3.7 7.1 75 149.0 149.0 10.30 58.2 
ST-2-L 540 1.1 2.1 750 103.0 103.0 4.50 42.7 
SB-2-I 740 2.7 5.1 750 115.0 115.0 1.50 40.8 
SB-2-H 760 3.6 6.9 750 120.0 120.0 2.50 50.5 
Controlt 70 52.5 to 60.7 91.3 to 93 53 to 61 68 to 72 
Handbook datat 750 40 to 50 70 to 80 45 to 50 
Inner Loop, Duplicate Tests 
ST-7-L 540 0.87 1.7 75 130.0 134.0 6.5 59.1 
ST-7-I 675 2.9 5.57 75 139.5 144.8 10.6 59.8 
ST-7-H§ 735 1.7 3.26 75 143.0 147.0 9.4 61.5 
SB-7- L 700 1.2 2.3 750 115.3 115.3 4.2 64.0 
SB-7-I 760 1.9 3.65 750 123.0 123.5 4.2 45.5 
SB-7-H 760 3.4 6.5 750 125.4 125.8 4.1 40.5 
Outer Loop 

LT-4- L 120 0.91 1.8 75 100.0 103.5 31.5 54.0 
LT-4-I 120 1.8 3.5 75 95.2 101.3 26.0 57.0 
LB-3-H 120 3.4 6.5 75 102.5 108.0 25.0 60.5 
LT-3-L 120 3.1 2.0 750 62.5 66.7 13.3 54.0 
LT-3-I 120 2.4 4.5 750 65.4 69.3 11.4 54.6 
LT-3-Hf 120 2.7 5.1 600 71.8 73.3 12.5 48.3 
Control 1** 75 46.8 99.7 50.4 61.8 
Control 2** 750 36.5 67.6 26.2 62.9 


*Exposures based on Mn“, 


{From MclInnes Steel Co. reports on samples cut from as-machined J-10 pressure tube. 


t Metals Handbook, Vol. 1, 8th ed., p. 503. 


$ Less than 1 mg of sample was submitted for analysis; therefore the analysis may be inaccurate due to small 


weighing errors. On the basis of the location of the specimen, a value of ~7 x 1 


0?! nvt would be expected. 


(Only 1.5 mg of sample was analyzed. Small weighing errors could have caused significant errors in analysis. It 
is believed that the actual value would duplicate LB-3-I since the specimen came from adjacent position. 
**Samples cut from portion of J-10 pressure tube above reactor core. 


is characteristic of unirradiated stainless steel 
and should not be considered a result of irra- 
diation. However, the extreme difference be- 
tween the results from the inner loop and outer 
jacket (much greater) at similar levels of 
exposure, at the same test temperature, does 
appear to be the result of irradiation under 
stress and/or temperature. The shape of the 
stress-strain curves for the inner loop and 
the outer jacket was entirely different. 

The examination of the J-10 loop was of 
considerable value, since the data revealed 
the mechanical-property changes that occurred 
in a structural material under actual operating 
conditions of pressure, temperature, and neu- 


tron flux. Irradiation of encapsulated specimens 
can never duplicate in silu irradiations of reac- 
tor components, since the specimens are not 
subjected to variations in temperature and 
stress, two parameters that may contribute to 
property changes in irradiated structures. The 
data indicate that the stress state and irradia- 
tion temperature may play a very important 
role in property changes during irradiation. 
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VI Operating Experience 


Power Reactor Technology 


Shippingport 


A recent report! summarizes approximately 
five years of operating experience with the 
Shippingport Atomic Power Station: from its 
startup in December 1957, through the installa- 
tion of, and the initial operation of, the fourth 
core seed, to the end of March 1963. Some 1650 
reports are available onthe Shippingport project 
and work related to it. The reports are listed in 
Ref. 2. A number of the previous reports on op- 
erating experience have been reviewed in past 
issues of Power Reaclor Technology, 2(4): T4- 
77; 4(2): 52-58; 5(4): 61-72; 6(2): 64-67; and 
6(3): 49-55. The Shippingport plant is described 
in detail in Ref. 3. 


Figure VI-1 shows the operating history of 
the plant. Most of the nonroutine events cited 
on the figure have been covered in the reviews 
listed above. It is notable that the time required 
for refueling (with a new seed; the original 
blanket, called core 1, is still in place) de- 
creased from five months for the first refuel- 
ing to 44 days for the second and to 32 working 
days for the third. Most of this improvement 
is attributed to increased experience and im- 
proved planning, although 20 days of the first, 
long refueling period was devoted to modifica- 
tion of the vessel head instrumentation. The 
average load factor between refueling periods 
was 37% for the first seed, 70% for the second, 
and 77% for the third. If the periods used for 
testing and training are excluded, these factors 
increase to 75, 97, and 97%, respectively. 


The third seed, which, like seed 2, initially 
~ontained 90 kg of U’ with 170 g of natural 
boron as a burnable poison, was operated for 
7329 equivalent full-power hours (EFPH) during 
its lifetime. At the end of March 1963, the plant 
ad delivered 1.225 x 10° net kw-hr of elec- 
‘ricity and had operated for a total of 22,366 


EFPH. The original core (i.e., the natural- 
uranium blanket) was still in operation, with 
seed 4. The average exposure of the blanket 
fuel was 9000 Mwd/metric ton of uranium, and 
its peak exposure was 30,100 Mwd/metric ton 
of uranium. 


The five years of operating experience have 
demonstrated that the plant meets satisfactorily 
the operational requirements for practical in- 
tegration into a utility system. These include: 
“,..(1) the capability of operating as a base- 
loaded station for extending periods, (2) the 
capability of accepting its share of the load 
Swings necessitated by system disturbance, and 
(3) the capability of operating on a peak-load 
basis when station-system efficiency conditions 
justified such use...”! Operation has shown 
that, when used as a peak-load facility, the sta- 
tion follows all system load changes in the 
power range; it can also be shut down and 
started up under controlled conditions at a 
faster rate than that of any conventional, modern 
station on the Duquesne system. In relation to 
the effectiveness of the station for base-load 
operation, it is significant that the frequency 
of safety shutdowns (scrams) has decreased 
with time, as indicated by Fig. VI-2. Some of 
the safety shutdowns are attributed to person- 
nel error and some to equipment problems. 


The fast-neutron exposure of the reactor 
pressure vessel is cauSing some increase in the 
ductile-brittle transition temperature, which 
places a limit on the permissible stress levels 
at temperatures below 250°F. These limitations 
are being observed by the control of operating 
procedures during plant startups and during the 
periodic hydrostatic testing. It is concluded, on 
the basis of present materials data, that neu- 
tron damage will not limit operation at normal 
operating temperatures at any time through the 
life of the second core. 


193 


194 


OAnN O. Q b+ WN ~ 


15. 
16. 
17. 
18. 
19. 


20. 
21. 


22. 
23. 
24. 
25. 


I,420,000 


1,220,000 


1,020,000 


820,000 


620,000 


420,000 


220,000 


Vol. 7, No.? 


IOO% Load Factor 


f 50% Load Factor 


20,000 
oc c— o c c— oc 
vo 33 oo 35 oo 
O > See) O D0 On 
1957 1958 1959 


. Reactor Shut Down for Test and Training 

. Leak Discovered in Steam Generator 

. Coolant Loop Pump Failed 

. First 1000-Hr Reactivity Lifetime Test 

. Shut Down for Maintenance and Testing 

. Second 1000-Hr Reactivity Lifetime Test 

. Shut Down for Maintenance and Testing 

. Moisture-Separator Failure Discovered; Plant 


Remained Shut Down Through January 1959 


. Repair of Turbine Governor 
10. 
11. 
12. 


Periodic Operation for Training Purposes 
Shut Down for Maintenance and Testing 
Periodic Operation for Testing Plant Dynamic 
Response 


. Shut Down for Capacity Reduction and Hot 


Subpower Tests 


. Final Reactivity Lifetime Test; Final Run at Full 


Power for Core 1, Seed 1 

Low-Power Physics Testing 

50-Mw Operation for End of Core Life Tests 
Shut Down Because of Xenon Buildup 

Final Power Run ot 20 Mw 

Shut Down To Replace Core Seed 1; Full Power 
Resumed 

Low-Power Physics Testing 
Maintenance — Replacement of E-12 Control -Rod- 
Drive Mechanism 

Low-Power Physics Testing 

Testing and Student Training 

Return of 1-B Loop to Service 

Low-Power Physics Testing 
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26. Low-Power Physics Testing and Maintenance 

27. Low-Power Physics Testing — 240-Hr Samarium 
Transient Test; Start of Final Full-Power Run 

28. End of Seed 2 Ability to Override Equilibrium 
Xenon at 100% Power— Physics Testing 

29. Testing, Maintenance, and Operator Training 

30. Core Physics Testing— End of Seed 2 Life Tests 

31. Start of Refueling and Replacing Seed 2 

32. Initial Approach to Criticality, Seed 3 

33. Full-Power Operation with Seed 3 

34. Low-Power Physics Tests 

35. A 3000-Hr Reactivity Lifetime Test 

36. Shutdown Low-Power Physics Test, Rod Mechanism 
Test, Reactor Protection System Response Test 

37. Student Training, Tests 

38. Shutdown Xenon Transient Test 

39. Operations Supervisor Training 

40. Reduced Output on Generator Due to Feedwater 
Heater Outage 

41. Shutdown Low-Power Physics Test-——Rod-Mechanism 
Exercise 

42. Shutdown End of Seed 3 Ability to Override 
Equilibrium Xenon at 100% Reactor Power 

43. Operation at Reduced Power and Lower Average 
Coolant Temperature 

44. End of Seed 3 Operation 

45. Seed 3 and Seed 4 Refueling 

46. Initial Approach to Criticality— Seed 4 

47. Physics Tests 

48. Shut Down for Testing and Begin 3600-Hr Reactivity 
Lifetime Test 


Fig. VI-1 Operating history of Shippingport Atomic Power Station.! 
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Fig. VI-2 Analysis of Shippingport safety shutdowns 
during operation with seeds 1 to q! 


The history of power sharing between the 
seed and blanket is indicated in Fig. VI-3. The 
power fraction produced in the natural-uranium 
blanket during the first three seed lives aver- 
aged about 54%. Of the energy generated in the 
blanket, about half has been generated by the 
burning of plutonium in place, about 8% by the 
direct fissioning of U’, and the remainder 
from the burning of U’, The U?” content of 
the blanket has now decreased to about one- 
third its original (natural uranium) value. The 
temperature coefficient of reactivity (at rated 
power) has been nearly the same for all three 
seeds under comparable conditions of control- 
rod configuration. The coefficient becomes less 
highly negative as seed exposure progresses 
and control rods are withdrawn, as is to be ex- 
pected. It changes from about —2.0 x 107*/°F 
for a new seed to about —0.7 x 107*/°F at the 
end of seed life. 


During the operation of seed 1, asymmetries 
in the radial power distribution were observed 
to develop for certain configurations of control- 
rod insertion and to oscillate with a period of 
about 24 hr if no action was taken to control 
them. This phenomenon could be controlled 
rather easily by suitable manipulation of the 
control rods. Self-sustained oscillations of this 
type could not be generated in seed 2, even by 
deliberate unbalancing of the power distribu- 
tion, and no oscillations were observed during 
seed 3 operation. Oscillation has, however, oc- 
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curred in seed 4. The occurrence of the oscil- 
lation is presumably promoted by poor reactiv- 
ity coupling of the various core regions in the 
azimuthal coordinate and is more apt to occur 
when the reactivity of the blanket is low than 
when it is high. 

The performance of the blanket fuel elements 
has been very encouraging. Postirradiation ex- 
amination of blanket rod bundles removed after 
seed 1, seed 2, and seed 3 operations has shown 
them to be in good condition. Detailed metal- 
lurgical examinations of elements removed at 
the second refueling have been made, and ex- 
amination of a rod removed at the third re- 
fueling, with an estimated exposure of 23,000 
Mwd/metric ton of uranium is under way. The 
examination of a rod removed, at the second re- 
fueling, with an exposure of 16,000 Mwd/metric 
ton of uranium, showed! that the average hydro- 
gen content of the cladding was less than 80 
ppm, that there was no abnormal cracking of 
grain growth in the UQ,, and that the 4-mil 
radial annulus between fuel and cladding was 
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Fig. VI-3 Percentage of core energy from natural- 
uranium blanket during Shippingport core 1 life.! 


still intact. Reference 4 reports examinations 
of several elements removed at the second re- 
loading and presumably includes the element 
mentioned above. The highest value of the es- 
timated central temperature, for any of the ele- 
ments, is 1320°F, corresponding to a time av- 
erage heat flux of 152,000 Btu/(hr)(sq ft). For 
the blanket element diameter (0.411 in.), this 
heat flux corresponds to a conductivity integral 
(Í k d0) of 12.5 watts/cm.. 

Tests have been made of samples of the haf- 
nium control rods removed after each seedtife. 
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Figure VI-4 shows the changes in mechanical 
properties which were observed up to the end 
of life of seed 2. Excessive corrosion of the 
weld joint between the hafnium blades and the 
Zircaloy-2 control-rod hub was attributable to 


O- Ultimate Tensile Strength, {000 psi 
0-0.2% Yield Strength, 1000 psi 
4-Percent Reduction in Area 


O-Percent Total Elongation 
O-Percent Uniform Elongation 
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9 
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nvt x 107?! , > O.625ev 


Fig. VI-4 Effect of neutron exposure on the 600°F 
tensile properties of Shippingport hafnium control rod 
after two seed lives. 


welding difficulties that resulted in contamina- 
tion of the weld metal during rod manufacture. 
Improved welding procedures were developed, 
and all but two of the original rods (which 
showed low corrosion) were replaced at the 
second refueling. 

The primary coolant water is demineralized 
water adjusted to a pH of 9.5 to 10.5 with lith- 
ium hydroxide. A hydrogen overpressure is used 
to give 15 to 60 cm? of hydrogen per kilogram 
of water and an oxygen content less than 0.14 
ppm. These conditions have minimized corro- 
sion of the reactor plant piping and components 
and have kept the crud concentration low (about 
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5 ppb). The control of pH by the ion exchanger 
has been excellent, with infrequent additions of 
lithium hydroxide of less than 0.5 lb every four 
to five weeks. The use of isotopically pure 
lithium (99.99% Li’) was begun in December 
1960 and has reduced the tritium concentration 
in the coolant from a maximum of 280 uc/liter 
to about 2 uc/liter. Until recent repairs to leaky 
relief valves, the rate of hydrogen addition was 
approximately 100 cu ft/week. No excursions of 
oxygen concentrations above 0.14 ppm have oc- 
curred during power operation. 


Seed 4 is scheduled to operate for the re- 
mainder of its reactivity lifetime, at which time 
the entire core is to be removed and the reac- 
tor is to be modified to accept a core of new 
design. The new core will raise the reactor ca- 
pability from 67 Mw(e) to 150 Mw(e)(gross). 
Part of the power is to be dissipated, since the 
station turbine is rated for only 100 Mw(e). 
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VII Specific Reactor Types 


Power Reactor Technology 


Seed and Blanket 


The most recent operating experience with the 
Shippingport Pressurized-Water Reactor is re- 
viewed in Sec. VI of this issue of Power Reactor 
Technology. The further work on seed-and- 
blanket technology by the Bettis Atomic Power 
Laboratory has been proceeding from this reac- 
tor in two main directions: the developmentofa 
second core for Shippingport and the study of 
large power reactors of the seed-and-blanket 
type (the Large Power Reactor Program). The 
following review covers three recent reports!™’ 
relating to the second core program. 

The Shippingport reactor is currently operat- 
ing with its fourth enriched seed and with the 
natural-uranium blanket that was originally in- 
stalled. The term “second core” refers toare- 
placement of the entire core, including the 
blanket, by a new core of different design. The 
replacement is to be made at the end of life of 
seed 4, which is expected early in 1964. 

The new core is to yield large increases in 
both power output and total energy output, as 
summarized in Table VII-1. The major changes 
in design features are the following: 


1. The fuel elements are to be of the plate 
type, composed of oxide wafers encased in 
Zircaloy-4 cladding, as illustrated in Fig. VII-1. 
The plates will be assembled into square fuelas- 
semblies by welding at their edges. The blanket 
plates, which will replace rod type UO, ele- 
ments in the present core, willbe 0.140in. thick 
and will contain natural UO, wafers 0.100 in. 
thick. The seed plates will be 0.076 in. thick and 
will contain wafers, 0.036 in. thick, of highly en- 
riched UO, sintered with ZrO,. They will replace 
the current seed plates of uranium-zirconium 
alloy clad with Zircaloy-2. 

2. The seed of core 2 contains sufficient 
highly enriched uranium, compensated by lumped 


burnable poison, to achieve a lifetime of 10,000 
EFPH for this first seed. The burnable poison 
is in the form of wafers of austenitic stainless- 
steel alloy containing 0.8% B'®. These wafers 
are used instead of the fuel wafers in some of 
the compartments of the seed fuel elements. 

3. The fuel assemblies are to be somewhat 
larger in size and fewer in number (see Table 
VII-1). 

4. The length of the core is to be increased 
from 6 to 8 ft. This requires lengthening of 
the pressure vessel by means of an extension 
ring, which also serves as a support flange for 
the core support barrel, clamped between the 
vessel proper and the head by the head bolts. 


These changes were reviewed briefly in Power 
Reactor Technology, 5(4): 70-72. The most far- 
reaching change is the use of the plate type ox- 
ide elements. A long program of development 
has shown that these elements are capable of 
very long exposure lifetime if the center tem- 
perature of the fuel is nottoo high. When normal 
failure eventually occurs, it is as a result of 
excessive bulging of the walls of the plate com- 
partment. Initially this bulging results from 
swelling of the oxide, due to the precipitation of 
fission gases within the oxide. Eventually, how- 
ever, the pressure of the fission gas released by 
the oxide causes the compartment walls to bulge 
away from the oxide; the latter then overheats, 
releasing still more fission gas, and the process 
advances fairly rapidly to ultimate failure of 
the compartment wall. 

The exposure lifetime has been found to vary 
with fuel operating temperature, internal poros- 
ity of the fuel body, and external fuel restraint, 
with the practical importance of the variables 
decreasing in the order named. Figure VII-2 
Shows the results of irradiation tests on elements 
comparable to those for the blanket of core 2. 
Figure VII-3 shows the results of tests in which 
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Fig. VII-1 
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Table VII-1 COMPARISON OF CORE 1 AND CORE 2 DESIGN FEATURES, SHIPPINGPORT! 


Rating 


Average power density, kw/liter 
Seed 
Blanket 
Total core 


Design core lifetime, EF PH 
Seed 1 
Blanket 


Fuel elements 
Seed 


Blanket 


Fuel assemblies, number and 
size (cross section) 
Seed 
Blanket 


Number of coolant passes in core 
Seed 
Blanket 


Core height, ft 


Nuclear control 


Orifices 


Number of ports in reactor 
vessel head (for refueling) 


Core 1 


231 Mw(t); 67 Mw(e) 
with three primary 
coolant loops 


75 
25 
43 


3000 
8000 


Zircaloy-2-clad 
enriched metal alloy 
U-Zr plates 

Zircaloy-2-clad 
UO, rods 


32; 5.6 by 5.6 in. 
113; 5.5 by 5.5 in. 


1 
1 


6 
32 rods and distributed 


burnable poison in the 
seed (seeds 2, 3, and 4) 


Fixed 


10 


Core 2 


505 Mw(t); 150 Mw(e)* 
with four primary 
coolant loopst 


157 
33 
60 


10,000 
20,000 


Zircaloy-4-clad 
enriched UO,-ZrO, 
compartmented plates 

Zircaloy-4-clad UO, 
compartmented plates 


20; 7.376 by 7.376 in. 
77; 7.376 by 7.40 in. 


1 
2 
8 


20 rods and lumped 
burnable poison in 
the seed 


Adjustable 


1 


*The 150-Mw(e) capability will be demonstrated by means of the existing 100-Mwé(e) turbine 


plus a heat-dump system. 


tNew impellers and drive motors will be installed in the existing primary pump volutes to 


increase the head capability by 45%. 


Upper Cover Plate 





Schematic representation of cladding and tuel components for a compartmented oxide 
plate type fuel element.’ 
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Fig. VII-2 Effects of center temperatures and oxide density on exposure lifetime of compartmented 
plate type UO, elements.’ 
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Fig. VII-3 Effects of temperature history on fuel-element life for 96% of theoretical density UO, 
fuel.’ 
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elements operated for initial periods at high 
values of center temperature were subsequently 
operated at lower temperature (lower power den- 
sity). The results show that the decrease of cen- 
ter temperature definitely improves the life ex- 
pectancy and suggest that, within limits, it is 
reasonable to base an estimate of the life ex- 
pectancy for such an element on its time- 
averaged center temperature —at least if the 
nature of the temperature variation is a decrease 
with time. 


Figure VII-4 shows the calculated maximum 
exposure in the blanket of core 2 and the calcu- 
lated fuel center temperature at the location of 
maximum exposure at the ends of four seed 
lives. The failure curve derived from the test 
program is also shown. The conclusion is that 
the blanket will last through four seed lives; at 
that time the maximum exposure in the blanket 
will correspond to about 70,000 Mwd/metric ton 
of uranium. The results of a similar analysis 
for the seed fuel are shown in Fig. VII-5. 


It is clear from Figs. VII-4 and VII-5 that the 
fuel center temperatures in the Shippingport 
core 2 will be much lower than those customarily 
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Fig. VII-4 Comparison of center-line fucl tempera- 
tures for tailed UO, compartments with those expected 
in the Shippingport core 2 blanket.! 
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Fig. VII-5 Comparison of center-line fuel tempera- 
ture in seed fuel elements tests with those expecteu 
for the Shippingport? core 2. 


used in other reactors, which employ UO, ele- 
ments of the rod type. The temperatures are, of 
course, low because of the thin oxide sections 
used in the fuel elements. The center tempera- 
ture of one of the 0.10-in. oxide wafers in the 
blanket elements would be about the same as 
that of a rod pellet of 0.14-in. diameter if it were 
operating at the same specific power. The com- 
partmented plates represent one method of 
utilizing very thin oxide sections in a structure 
of manageable size. 
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| Resources and Fuel Cycles 


Power Reactor Technology 


Fuel Management 


The proceedings of a fuel management sympo- 
Sium that was held at the New York Operations 
Office of the AEC on Sept. 27, 1962, have been 
published.! Although considerable time has 
elapsed since the symposium, the material is 
still of interest, and selected results are noted 
briefly below. 


The benefits to be derived from a program of 
partial-core reloading were studied in aproject 
carried out by Jackson and Moreland, Inc., and 
Allis-Chalmers Mfg. Co. under AEC-Euratom 
sponsorship. The study was made in terms of 
the SENN reactor,’ a dual-cycle boiling-water 
reactor which was designed by the General 
Electric Company and which is nearly identical 
to the Dresden reactor. 


Of the refueling programs investigated, the 
out-in refueling shuffle proved most attractive. 
This involves unloading fuel from the center- 
most region of the core, shifting the remaining, 
partially exposed fuel inward to occupy the un- 
loaded region, and adding fresh fuel in the re- 
Sulting empty peripheral core positions. The 
advantage of partial reloading is an increase in 
the reactivity lifetime for a given feed enrich- 
ment (or for a given control capability), and the 
out-in shuffle gives the further advantage of 
flattening the radial power distribution by placing 
the most highly exposed fuel elements near the 
center of the core. The first of these advantages 
increases continuously, but atadecreasing rate, 
as the frequency of refueling is increased and 
the size of the reload batch is decreased. The 
second advantage increases with the frequency 
of refueling, at least up to a point, although 
there may be an optimum frequency for this 
effect, depending on the feed enrichment and 
the resulting fuel lifetime. 


These relations are illustrated in Fig. I-1, 
which shows the power peaking factors and the 
discharge exposure of the fuel in the equilibrium 
cycle as functions of the number of reload 
batches into which the core is divided. The 
feed enrichment is held constant at 1.84% 235U, 
Up to three or four batches, both the radial 
and axial peaking factors decrease as the num- 
ber of batches is increased. Presumably the 
improvement in the axial factor is due partly 


Discharge 
Exposure 


I S ( Axial) x (Radial) 
| 


Peok/Averoge Power-Density Ratio 
Discharge Exposure, Mwd/metric ton of U (x10>) 


Radial 





O 
L 2 3 4 5 6 


Number of Relood Batches in Full Core 


Fig. I-1 The fuel exposure at discharge and the 
power peaking factors calculated for the SENN reac- 
tor with out-in partial-core reloading.’ The feed en- 
richment is held constant at 1.84% ?U. All control 
rods are operated as a bank, and the curves apply to 
the equilibrium reloading cycle. 
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to the decreasing depth of insertion of the con- 
trol rods (which are assumed to be operated 
as a bank) as the reactivity swing between 
loadings is reduced and partly to the increasing 
self-flattening by preferential fuel burnupas the 
fuel exposure increases. Eventually the exposure 
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Fig. I-2 Calculated effect of the number of reload 
batches per core on total power-generation cost in 
the SENN reactor, for out-in reloading with constant 
feed enrichment of 1.84% 7*5u. 


becomes so high that the power drops off 
drastically in the most highly exposed fuel, and 
both the radial and axial factors increase slightly 
with further increases in the number of batches. 

As the number of reload batches is increased, 
the main effects on the total power-generation 
cost are the following: 

—the decrease in fuel-cycle cost due to the 
increasing exposure at discharge 

—the decrease in capital cost component (up 
to the point of minimum power peaking factor) 
due to the increasing power capability of the 
reactor 

—the decrease in plant factor caused by the 
increasing frequency of shutdown for reloading 


In Fig. I-2 the net effect of energy cost has been 
estimated for three different values of the shut- 
down time required per refueling. The impor- 
tance of this shutdown time is apparent. 
Crowley? emphasized the importance of design- 
ing the reactor for rapid refueling. In the dis- 
cussion following the presentation of his paper, 
he indicated that, although refueling times from 
four to eight days have been used as “refer- 
ence” values for some reactors, they have not 


yet been achieved. He did consider it reasonable, ` 


however, to consider routine refueling opera- 
tions of one-month duration as compatible with 
the present state of the art. 
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In a study carried out at the Massachusetts 
Institute of Technology,‘ fuel cycles in the 
Canadian CANDU reactor were investigated. 
The CANDU reactor is a pressure-tube heavy- 
water type designed for fueling with natural 
uranium. The basic cost assumptions used are 
listed in Table I-1. For the study the enrich- 
ment of the fuel was considered to be open to 
variation, and one of the questions investigated 
was the effect of enrichment on fuel-cycle cost 
and total energy cost in the basic CANDU fuel 
management program of bidirectional push- 
through. The results are given in Table I-2. 

As the fuel enrichment is changed, the degree 
of power flattening attainable in the equilibrium 
reactor, by adjusting the rate of push-through 
to give higher average exposure in the central 
region of the reactor, is changed. This is taken 
into account in the total (overall) power cost 
by assuming that the reactor size, and hence 
the capital cost, can be adjusted to take ad- 
vantage of the maximum attainable power flatten- 
ing. The study did not consider, however, any 
other changes in design variables, such as 
changes in lattice pitch. 

In Table I-2 it is shown that one of the meth- 
ods investigated for achieving the desired feed 
enrichment is by blending. This method is at- 
tractive primarily because the Canadian price 
for natural uranium is lower than the natural- 
uranium price used in fixing the price scale for 


Table I-1 PRINCIPAL COST BASES FOR 
STUDY OF FUEL MANAGEMENT IN 
THE CANDU REACTOR‘ 


Natural UO,, $/kg U 13.55 

Enriched UF¢ USAEC price 
scale, 7/1/62 

Plutonium nitrate 


credit, $/g Pu 8.00 
Conversion of UFg 

to UO,, $/kg U 12.50 
Fabrication of fuel 

from UO, $/kg U 42.78 
Shipping of irradiated 

fuel, $/kg U 15.45 
Reprocessing of fuel 

to nitrates, $/kg U 20.68 
Conversion of UNH 

to UFa. $/kg U 5.60 


Annual charges on 
Fuel fabrication 


working capital, %/yr 4.5 
Uranium, %/yr 4.5 
Plant investment, %/yr 7.76 

Operation and maintenance, 
mills/kw-hr 1.02 
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slightly enriched uranium in the United States. 
The blending scheme involves mixing uranium of 
3.2% enrichment, purchased in the United States, 
with Canadian natural uranium to produce ura- 
nium of the desired enrichment. This possibility 
involves both technical and regulatory problems 
that have not been explored in practice. In 
Table I-2 it is shown that the optimum en- 
richment for overall power cost is about 1.0%. 
This is true whether or not blending is used, 
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The paper by Puech] of Nuclear Materials & 
Equipment Corporation is worthy of particular 
attention; this paper is more readily available, 
and in greater detail, in Refs. 6 and 7. The 
paper is a fuel management study of water- 
moderated reactors fueled with mixtures of 
natural uranium and plutonium isotopes. The 
plutonium mixtures considered are typical of 
those discharged from thermal power reactors 
and contain substantial fractions of *4°Pu. The 


Table I-> CALCULATED EFFECTS OF FUEL COST VARIABLES ON 
POWER COSTS IN THE CANDU REACTOR, WITH CONTINUOUS 
BIDIRECTIONAL FUELING‘ 


Fuel prepared by 


Fuel not prepared 


blending by blending 
Fuel Fuel re- Fuel not Fuel re- Fuel not 
enrichment processed reprocessed processed reprocessed 
Fuel-cycle costs, mills/kw-hr 
Natural U (1.03)* 0.99 
1.0 at.% 238U 0.83 0.89 0.99 1.05 
1.3 at.% 235U 0.86 0.92 0.93 0.99 
1.5 at.% ŽU 0.93 0.96 0.97 1.00 
Overall power costs, mills/kw-hr 
Natural U (6.56) 6.52 
1.0 at.% *8yu 6.21 6.27 6.37 6.43 
1.3 at.% Sy 6.30 6.36 6.38 6.44 
1.5 at.% 235U 6.45 6.48 6.50 6.53 


“Numbers in parentheses are for cases where reprocessing is not eco- 


nomically justified. 


although the improvement is large only for 
the blending case. A comparable or somewhat 
greater improvement would, of course, be avail- 
able without blending if the U. S. enriched-fuel 
price schedule were based upon the Canadian 
price for natural uranium. 

Table I-3 shows the results of the investi- 
gation of other refueling methods in the CANDU 
reactor. For each of these cases, an investiga- 
tion similar to that recorded in Table I-2 was 
carried out. In Table I-3 the results are re- 
corded for the enrichments calculated to give 
the minimum total power cost in each case. 
The advantage of the bidirectional push-through 
program appears to be clearly confirmed, al- 
though it must be remembered that the study 
was confined to the basic CANDU design, and 
no investigation was made of qualitative varia- 
tions in the plant design which might turn the 
other fuel-cycle approaches to particular ad- 
vantage. 


author points out that quite long reactivity life- 
times can be achieved with these mixtures at 
relatively modest values of initial excess re- 
activity. Basically this is because the “Pu 
acts in much the same way as a burnable 
poison, but with the accentuated effect, since 
the absorption of a neutron in *“"Pu not only 
removes a Pu atom (a poison) but also pro- 
duces a fissile atom of *“'Pu. The effect, how- 
ever, is a complex one since the cross sections 
of both 233pu and 7°pu vary strongly with neu- 
tron energy and, therefore, the behavior of the 
neutron energy spectrum during the fuel ex- 
posure is important. Figure I-3 shows the 
computed reactivity lifetimes for two different 
cases, and in each the initial plutonium loading 
contained 12% *4°pu. The details of these cases 
are given in Table I-4. 

Puechl’ also shows that the reactivity life- 
time is quite sensitive to the fuel-to-moderator 
ratio and that the optimum ratios tend to be 
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Table -3 CALCULATED EFFECTS OF DIFFERENT REFUELING METHODS 
ON POWER COSTS IN THE CANDU REACTOR‘ 
Fuel prepared by Fuel not prepared 
blending by blending 
Fuel re- Fuel not Fuel re- Fuel not 
processed reprocessed processed reprocessed 
Continuous bidirectional refueling 
Feed enrichment for lowest power 
cost,* % SU 1.0 1.0 1.0 1.0 
Fuel-cycle cost for lowest power 
cost, mills/kw-hr 0.83 0.89 0.99 1.05 
Lowest total power cost, 
mills/kw-hr 6.21 6.27 6.37 6.43 
Discontinuous out-in refueling 
Feed enrichment for lowest power 
cost,* % U 1.3 1.3 1.3 1.3 
Fuel-cycle cost for lowest power 
cost, mills/kw-hr 1.33 1.34 1.44 1.45 
Lowest total power cost, 
mills/kw-hr 6.78 6.79 6.89 6.90 
Single-batch refueling 
Seed enrichment for lowest power 
cost,* % IY 1.75 1.75 1.75 1.75 
Fuel-cycle cost for lowest power 
cost, mills/kw-hr 1.74 1.75 1.79 1.80 
Lowest total power cost, 
mills/kw-hr 7.18 7.18 7.23 7.23 
*The enrichments considered were natural uranium, 1.0%, 1.3%, 1.5%, and 1.75%. 
Table -4 CHARACTERISTICS OF THE PLUTONIUM- 
FUELED CORES! GIVING REACTIVITY 
110 LIFETIMES SHOWN IN FIG. I-3 
Case 1 Case 4 
1.08 
Surface-to-volume ratio of fuel elements, 
cm”! 5.36 7.00 
106 Moderating ratio, £2, per fuel* atom, 
rai barns 150 150 
r“ Za (moderator) per fuel* atom, barns 2.84 2.84 
x La (cladding) per fuel* atom, barns 3.0 3.92 
104 Core life, Mwd/metric ton 57,500 39,400 
Initial k eff 1.0983 1.0806 
Initial Pu content of fuel,* at.% 7.84 6.33 
102 Final Pu content of fuel,* at.% 5.52 4.90 
Final isotopic composition of Pu, at.% 
i ne 53.6 
oe a T ae TO upa io: 186 
Exposure, Mwd/metric ton (x10°) AD p l 9.0 6.6 
Initial U enrichment Natural Natural 
Final U enrichment, (atoms *5y/ 
atoms U) x 100 0.346 0.413 
Net Pu change, kg/metric ton 26.9 17.3 
Fig. I-3 Reactivity lifetimes of two H,O-moderated Net U change, kg/metric ton 28 24 


cores fueled with natural uranium plus plutonium con- 
taining 12% ? Pu. See Table I-4 for further charac- 


teristics. 


a a 2 
*The “fuel” comprises all the uranium and plutonium 
present. 
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lower than is desirable from the point of view 
of power density in the reactor core. Another 
point that is suggested by Table I-4 is that the 
loss of reactivity which does occur isdue not so 
much to the net burnup of plutonium but to the 
degradation of the plutonium isotope mixture to 
one which contains a higher percentage oí non- 
fissile isotopes. One wonders what method would 
be optimum for reenriching the discharged fuel 
for further recycle. 

Puechl® suggests that the recycle of plutonium 
is not simply a matter of producing plutonium- 
bearing fuel elements but that there may be 
unique advantages to be exploited in the plu- 
tonium-fuel concept, as well as unique con- 
siderations of reactor design to be taken into 
account. 
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II Physics 


Power Reactor Technology 


Critical and Exponential 
Experiments 


Boiling Reactors 


Experiments relating to exponential work on 
the BORAX-V reactor were cited in Power Re- 
actor Technology, (1): T. Further work on this 
reactor, covering the zero-power critical ex- 
periments performed with boiling core B-1, is 
recorded in Ref. 1. The fuel rods for core B-1 
consist of type 304 stainless-steel tubes with 
an outside diameter of 0.375 in. and a wall 
thickness of 0.015 in. These rods contain UO, 
that is enriched to 4.95 wt.% 7 U. The active 
fuel height is 2 ft. The square fuel bundles, 
3, in. on a side, may contain any number of 
fuel rods from 0 to 49. The full core (Fig. II-1) 
contains 60 fuel bundles on an 8 by 8 array, 
with the corner bundles missing, and has an 
effective diameter of 39 in. Poison rods having 
the same dimensions as the fuel rods could be 
substituted for fuel rods for flux-flattening 
purposes and to control excess reactivity. The 
core contained nine control rods of boral canned 
in stainless steel; the central rod and four 
intermediate rods were cruciform in shape, 
and the four outer rods were T shaped. The 
zero-power experiments covered the range 
from room temperature to the operating con- 
dition at 489°F and 600 psig. The major core 
characteristics measured included critical 
mass, control-rod calibrations, excess reac- 
tivity, shutdown reactivity margin, reactivity 
effects of various core components, reactivity 
effects of temperature and voids, neutron-flux 
and power distributions, and cadmium ratios. 
Also, some development work was done on a 
rotating oscillator rod that was installed toward 
the end of the experimental program. 
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The experiments indicated that the available 
excess reactivity at 489°F and 600 psig was 
3.2%. Because the void coefficient measure- 
ments were made at room temperature and it 
was expected that the void worth would be 
higher at operating temperature, it was esti- 
mated that the rated full power of 20 Mwi(t) 
could not be achieved. This condition resulted 
from the requirement that the reactor must be 
subcritical, in its most reactive state, with 
eight control rods inserted fully and the ninth 
control rod withdrawn fully. Toaccomplish this, 
a number of boron- stainless-steel poison rods 
were substituted for fuel rods, thus reducing 
the reactivity available for power operation. As 
a result of this, the planned power operation of 
the core was canceled and changes in the design 
of core B-2 were undertaken to achieve more 
excess reactivity. 
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Fig. H-1 Boiling core B-1 of BORAX-V.! 
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Experiments to provide tests of analytical 
techniques used for predicting reactivity coef- 
ficients, detailed power distributions, and spec- 
tral variations, with special emphasis on con- 
trol augmentation in boiling-water reactors, 
were performed at Vallecitos by the General 
Electric Company.’ It is pointed out in Ref. 2 
that the control augmentation is sought in order 
to improve power-reactor designs in the fol- 
lowing areas: 


1. Reduction in the worth of the movable 
control required, which in turn leads to in- 
creased plant safety 


2. Extension of the average fuel exposure 
made possible with the increased reactivity in 
the initial core load 


3. Flattening of the power distribution by 
more desirable control distribution 


The particular method of control augmenta- 
tion investigated utilized temporary poison slabs 
of boron steel. The core characteristics of 
interest were measured for a range of poison 
concentrations in the slabs. Two types of fuel 
rods were used in these experiments. The 
central zone of the core contained type 304 
stainless-steel tubes that had an outside diam- 
eter of 0.500 in. and a wall thickness of 0.028 
in. The tubes were filled with UO, pellets en- 
riched to 2.01 wt.% U. The pellet density was 
9.41 g/cm‘, and the pellet outside diameter was 
0.444 in. The active fuel height was 67 in. In 
experiments requiring a driver region, the 
central core region was surrounded by fuel 
tubes made of 2S aluminum. The driver tubes 
had an outside diameter of 0.502 in.; the UO, 
pellets had an outside diameter of 0.491 in., a 
density of 10.0 g/cm, and an enrichment of 
1.6 wt.% ?U. The active fuel height in these 
tubes was 48.0 in. A typical core arrangement 
is shown in Fig. II-2. The core configurations 
studied were typical of boiling-water reactor 
lattices and included assemblies with black and 
gray absorbing slabs and control-rod cruci- 
forms. Differential reactivity and spectrum ef- 
fects were investigated for various poison and 
void tube perturbations. The spatial variation 
of the neutron spectrum and density in a typical 
boiling-water lattice was studied by means of 
the resonance spectral indicator method. This 
method utilizes foils of materials with well- 
defined resonances in the energy range of 0.5 
to 5.0 ev. Strong spectral variations across the 
fuel bundles were observed. These variations 


i... es 
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exist in power reactors and are important in 
reactor design. 


Light-Water-Moderated Assemblies 


Critical approach and exponential experi- 
ments were performed by General Electric at 
Hanford on 1.82 wt.% plutonium-aluminum fuel 
rods. The purpose of these experiments was to 
determine the effect on criticality of small 
differences in the concentration of the *“°Pu 
isotope. Reference 3 describes the cylindrical 
lattice array that was studied. The fuel rods 
used in this experiment were 0.500 in. in di- 
ameter and 44 in. in length. They were sealed 
in Zircaloy-2 tubes that had an outside di- 
ameter of 0.566 in. and a wall thickness of 
0.030 in. The average plutonium content was 
7.12 g per rod. The amount of the 74°Pu isotope 
varied, but there were two principal groups of 
rods. One group contained an average of 5.05 
wt.% 74pu in the plutonium, and the other group 
contained an average of 6.0 wt.% *4°Pu. Ex- 
periments were performed with the two groups 
of rods alternately in either an inner or outer 
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Fig. H-2 Fuel regions for the poison-curtain study.’ 
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zone. Calculations were fitted to those two ex- 
periments to yield an average 240pu concentra- 
tion that could be associated with each experi- 
ment; i.e., an average “°pu concentration was 
specified as a function of the critical number of 
rods in both cases. A plot was made of the 
number of fuel rods vs. *““Pu content and 
extrapolated linearly to the number of rods for 
criticality of the mixed loading. The number of 
rods for criticality of a loading that contained 
a mixed *“°pu content is also reported in Ref. 3. 
This extrapolation indicated that the average 
240pu content in the mixed loading was greater 
than that for any rod in the mixed lattice. It is 
concluded that either there is a systematic 
error that has not been detected in the results 
from the mixed loadings or that the critical 
mass of plutonium varies more strongly with 
20pu concentration than the calculations pre- 
dict. 

Also given in Ref. 3 are the results of mea- 
surements of the relative plutonium content of 
plutonium-aluminum fuel elements using re- 
activity coefficients measured in the Physical 
Constants Testing Reactor (PCTR). These mea- 
surements were compared with chemical analy- 
sis, and rods were selected on this basis for 
use in lattice experiments. 

Results of critical and exponential experi- 
ments performed on small, highly enriched 
light-water-moderated cores are given in Ref. 
4. The fuel elements for these experiments 
were formed by bolting together 3- by 12- by 
0.018-in. plates of uranium-aluminum alloy 
and 3- by 12- by 0.30-in. plates of stainless 
steel. High-density polythene washers were used 
to separate the plates for the required metal- 
to-water volume ratios. Each fuel plate con- 
tained 11 g of 93 wt.% enriched uranium. To 
allow for the insertion of cadmium shutdown 
plates, a lattice pitch of 0.35 in. was chosen. 
This pitch left water gaps approximately 0.35 
in. wide between adjacent fuel elements. Criti- 
cal and exponential bucklings as well as gross- 
and fine-structure flux distributions were mea- 
sured. An analysis of the experiments utilizing 
the MUFT-SOFOCATE few-group model indi- 
cates that this method is adequate for the cal- 
culation of the critical size of highly absorbing 
light-water-moderated lattices. Other conclu- 
sions inferred from these experiments are 


(b) In reactor systems with critical heights down 
to a minimum of 12 in. there is no evidence that 
separation of spatial variable in the macroscopic 
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flux distribution is invalid to within the experimen- 
tal accuracies of +1 cm. (vertical) and +1.5 cm. 
(horizontal) in the determination of the extrapolated 
core dimensions. 

(c) The theoretical mode underestimates thermal 
flux peaking due to wide water gaps (0.35 in.) in the 
core. Although this may be significant in calcula- 
tions of fuel power peaking, the theoretical predic- 
tions are adequate to provide ‘‘flux weighting fac- 
tors’’ for the calculation of reactivity and critical 
size. 

(d) Measurements of material buckling and ther- 
mal fine structure can be made in light water mod- 
erated exponential assemblies as small as 12 in. sq. 
and 24 in. high.* Measurements in smaller as- 
semblies diverge significantly from the critical de- 
terminations. 


*In terms of migration lengths these dimensions 
are equivalent to five migration lengths square and 
ten migration lengths high. 


A report of a panel on light-water lattices 
held in Vienna May 28—June 1, 1962, is given 
in Ref. 5. Physicists from most of the well- 
known laboratories in the field attended this 
meeting. The formal papers prepared for the 
meeting were not read but rather served as a 
basis for information discussion in which other 
relevant matters could be introduced which had 
not been formally prepared. The formal papers 
are, however, printed in their entirety in Ref. 5. 
Most of the experimental work cited has been 
reviewed either in Power Reactor Technology 
or elsewhere, and no attempt will be made here 
to describe each of the experiments. However, 
the reader should consult Ref. 5 for a syste- 
matic tabulation of experimental results on 
light-water lattices. It was pointed out in the 
discussions that reasonably uniform practices 
are used at the present time for the calculation 
of light-water lattices, and toward the end of 
the discussion the panel tried to estimate the 
uncertainties in the calculation of eigenvalues. 
These uncertainties depend on such things as 
the water-to-fuel ratio, the rod size, and the 
fuel enrichment. Although the estimates of un- 
certainties were largely intuitive, they are of 
interest (see Table II-1). If these uncertainties 
were really present and if they all acted in the 
Same direction, they would amount to 3.1% in 
the eigenvalue. If they were combined statisti- 
cally (being nearly independent), they would 
amount to 1.3%. The observed difference be- 
tween calculation and experiment is somewhat 
smaller than the 1.3%, indicating that there is 
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Table Il-1 EFFECT OF UNCERTAINTIES ON 
THE EIGENVALUE? 


Effect on 


Source of uncertainty eigenvalue, % 


Resonance absorption 0.5 
Thermal-flux spatial distribution 0.3 
Thermal n @SSU) 0.7 
Fast fission factor calculation 0.3 
Leakage calculation 0.5 
Epithermal n (U) 0.7 
Cross sections used in thermal 

utilization l 0.1 





either a canceling of errors in the calculations 
or that overestimates are given in Table Il-1. 


Heavy-Water Assemblies 


Critical bucklings were measured for heavy- 
water-moderated lattices of natural-uranium- 
metal rod clusters in the Process Development 
Pile at Savannah River Laboratory. The results 
of these measurements are given in Ref. 6. 
Fuel for these assemblies consisted of uranium- 
metal slugs having a diameter of 0.988 in. The 
Slugs were 8.07 in. long and had an average 
density of 18.9 g/cmš; they were loaded into 
air-filled aluminum tubes 12 ft long, with out- 
side and inside diameters of 1.090 and 1.026in., 


respectively. These rods were suspended in ` 


the reactor tank either individually or in clus- 
ters of 3, 7, or 19 rods. With one exception the 
rods in each cluster were spaced in a triangu- 
lar array on 1.5-in. centers. The exception was 
a special 7-rod cluster in which the rods were 
spaced on 2.0-in. centers. The fuel assemblies 
were loaded in the reactor on triangular pitches 
ranging from 7.0 in. to 21.0 in. 

Reference 6a presents the results of material 
buckling measurements with the same rods. 
These measurements were made in an expo- 
nential facility, and the results were compared 
with measurements in the critical facility. A 
systematic difference inthe bucklings was noted. 
Although the exact nature of the processes in- 
volved are not well understood, the effect has 
been shown (see Ref. 22) to be systematic 
changes in the exponential buckling which ex- 
ceed those that can be calculated from simple 
two-group theory. 

Reference 7 gives the results of critical buck- 
ling measurements of 25 heavy-water-moder- 
ated lattices of natural-uranium oxide rod 
clusters. These measurements were made in 
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the Process Development Pile at Savannah 
River. The fuel rods consisted of 9-ft-long 
aluminum tubes that had an outside diameter 
of 0.547 in. and a wall thickness of 0.02 in. 
These tubes were filled with sintered uranium 
oxide pellets which were !⁄ in. in diameter and 
which had an average density of 10.4 g/cm’, 
Fuel assemblies containing 19, 31, and 48 rods 
were built up from the fuel rods. The as- 
semblies were loaded in the reactor on triangu- 
lar lattice pitches that ranged from 8.08 to 
16.17 in. In some experiments the fuel clusters 
were encased in housing tubes made of alu- 
minum, with outside diameters of 4.00, 5.00, 
and 6.00 in. and wall thicknesses of 0.054, 
0.056, and 0.058 in., respectively. Migration 
areas were also measured. This was accom- 
plished by measuring the pile periods resulting 
from small increases in water height, converting 
these periods to changes in k,,, by means of the 
inhour equation, and then using two-group theory 
to calculate the migration area from the Ak ,./ 
AB’ values. It is pointed out that the buckling 
measurements should be accurate to about 1% 
and that the measured migration areas are in 
good agreement with those obtained from the 
Benoist theory. (The appropriate references 
for the Benoist theory are Refs. 8 and 9). 

Measurements of initial conversion ratios 
and fast fission factors at five hexagonal lattice 
spacings in a 19-element UO, CANDU type fuel 
bundle have been made in a ZED-II lattice at 
Chalk River. The fuel bundles contained cold 
D,O coolant. Reference 10 describes the de- 
tails of the measurements. One conclusion 
reached was that a previous model used by 
Duret and Marriott,* which assumed the fast 
fission factor to be independent of lattice 
Spacing, should be modified to account for the 
variation shown by the experiments. 


Graphite-Moderated Assemblies 


Reference 11 gives the results of critical 
measurements on systems that are thorium 
loaded, graphite moderated, and oralloy fueled 
(93.16% 235U). These experiments are a part of 
a program to study the characteristics of long- 
life high-temperature gas-cooled reactors. In 
particular, the experiments were designed for 
the comparison of graphite-moderated critical 


*The model used by Duret and Marriott is described 
in the Canadian Report CRRP-873, A Computer Pro- 
cram for Reactor Studies, 1959. 
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assemblies with and without thorium, in hopes 
that the effects of uncertainties in uranium 
cross sections would cancel to yield more 
accurate information about resonance capture 
in thorium. The assembly for these experi- 
ments consisted of a lattice of thin oralloy 
foils equally spaced between graphite modera- 
tor blocks 0.5 and 1.0 in. thick. Thorium-metal 
foils that had the same dimensions as the 
oralloy foils were also placed within the as- 
sembly at regular intervals. Results of the 
experiments were compared with earlier ex- 
periments that had the same composition except 
for the thorium foils. Resonance group cross 
sections are deduced from the experiments and 
are compared with calculations from basic 
resonance parameter data. 

The PCTR small-lattice techniques have been 
discussed in earlier issues of Power Reactor 
Technology, in particular 7(1): 4 and 8. Refer- 
ence 12 gives results of PCTR measurements 
on the lattice of the Experimental Gas-Cooled 
Reactor being built at Oak Ridge. The fuel as- 
sembly is a cluster of seven uranium oxide rods 
clad with stainless steel. The steel cladding has 
an outside diameter of 0.705 in. and a wall 


thickness of 0.020 in. The fuel consists of UO, 
pellets, enriched in the 235U isotope, having an 
outside diameter of 0.323 in. and a density of 
10.4 g/cm’. Two fuel enrichments were studied: 
1.8 and 2.5 wt.% *5u. The fuel rods were spaced 
„on an 8-in.-square pitch in a graphite modera- 
tor. The infinite multiplication factor and ther- 
mal utilization were measured for both enrich- 
ments. In addition, both the resonance escape 
probability and the fast fission factor were 
measured for the 1.8% enrichment. Results of 
this work provide a basis for reactor calcula- 
tions on lattices of this type. 

Results of similar measurements utilizing 
the PCTR techniques are given in Ref. 13 for 
lattice parameters of solid and concentric tubes 
of natural-uranium fuel in graphite lattices. 
The basic measurements were made for the 
concentric tube in a 10.5-in. graphite lattice as 
well as in an 8.375-in. lattice. Measurements | 
were made with both water andairinthe coolant | 
channels for the 10.5-in. lattice and with water 
only in the smaller lattice. Basic measurements 
on the solid fuel were limited to the 10.5-in. 
water- and air-cooled lattice. Fuel dimensions 
and associated data are given in Table II-2. 


Table I-2 DIMENSIONS AND RELATED DATA 
ON LATTICES STUDIED IN REF. 13 


Radii of cell components, cm 
Fuel 
Cladding 
Coolant tube 
Graphite 
10.5-in, lattice 
8.375-in. lattice 
Densities, g/cm? 
Fuel 
yluminu 
raph 
Water 
| hts tral l 
Fuel 
Cladding 
Process tube 
Water 
Graphite 
10.5-in. lattice 
8.375-in. lattici 


* Radius of cylindrical cell of equal area. 


Concentric 


tube fuel Solid fuel 
Inside Outside Inside Outside 
1.422 2.108 
2,540 3.175 3.175 
1,237 1,400 
2.133 2.205 
2.439 2.528 
3.189 3.278 3.189 3.273 
3.840 4.003 3.840 4.003 
4.035 15.0 50* 4.035 15.050* 
1.035 12.001* 

18.81 18.86 


1.61: 1.610 
1 


15.164 30.347 
255.9 
991.0 531.0 


1.060 631.0 


EA í r q~ 
73,4 iS 54.007 
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Zirconium Hydride Assemblies 


Critical experiments performed to evaluate 
results of the consequences of water immersion 
of SNAP-2/10A reactor cores are given in 
Ref. 14. The fuel for these experiments was an 
alloy of zirconium—10 wt.% (93.2% enriched) 
uranium, hydrided to a concentration of 6.5 x 
1022 atoms of hydrogen/cm’, The fuel rods 
were clad with Hastelloy that had an outside 
diameter of 1.250 in. and a wall thickness of 
0.011. The fuel diameter was 1.212 in., and the 
rod length was 12.225 in. The rods were ar- 
ranged on a triangular pitch of 1.260 in. in the 
full core, which contained 37 fuel rods and was 
hexagonal in shape. The coolant for the SNAP- 
2/10A reactors normally is NaK, but the ex- 
periments reported on in Ref. 14 were conducted 
with the core flooded with water or voided with 
the aid of Styrofoam displacers. To simulate 
immersion the core was surrounded by several 
tanks which could be filled with water to various 
levels. Pulsed-neutron techniques were used 
to measure the excess reactivity of the fully 
loaded, fully water-reflected assemblies that 
were studied. The measurements were com- 
pared with diffusion theory and transport 
calculations. It was shown that much better 
agreement was obtained between theory and 
experiment when the experiments were com- 
pared with transport calculations that assumed 
anisotropic scattering rather than diffusion 
theory or transport theory with isotropic scat- 
tering. 


Fast-Neutron Assemblies 


The ZPR-IN critical facility was described 
in Power Reactor Technology, 1(1): 11. Refer- 
ence 15 gives a further comparison of experi- 
mental parameters of assemblies studied in 
this facility with calculations utilizing a set of 
cross sections deduced from the published set 
by Yiftah et al.* Critical masses of a large 
number of assemblies were calculated to an 
accuracy of about 5%. Other conclusions are 
quoted as follows:'5 


(2) The calculated relative fission rates of U233 
pu239 Put, y2s6 and U“ 38 are in good agreement 
with the measured data, but the calculated rates for 


*These cross sections appear in: S. Yiftah, D. 
Okrent, and P. A. Moldauer, Fast Reactor Cross Sec- 
tions, Pergamon Press, Inc., New York, 1960. 
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y235 y2 


and are 6% low and 7% high, respectively, 
relative to those of the other five isotopes. The 
disagreement between the calculated and experi- 
mental fission rates of U235 and those of U233 and 
Pu239 is insensitive to errors inthe calculated spec- 
trum and may be due to erroneous intercalibration 
of these chambers. This uncertainty regarding the 
intercalibration of the fission chambers must be 
removed before the fission-ratio data can be inter- 
preted. 


(3) In every case examined, the experimental 
prompt-neutron lifetime was larger than the cal- 
culated value. On the average, the experimental 
value was 34% greater than the calculated and was 
moderately constant for all the assemblies, with 
extreme values of 24% and 48%. The discrepancy is 
too large to be attributed to experimental errors, 
and it appears that all the calculated spectra are 
too hard. 

(4) The lack of data on the effect of the sample 
size upon the measured central reactivities is held 
to be a serious drawback to the interpretation of 
much of the reactivity data. It is argued that this 
should not be important in the comparison of the 
relative reactivity effects of U?33, U235 and Put’, 
and also should not affect the general conclusions 
tobe drawn from cases such as carbon and boron-10 
in which the discrepancies between experiment and 
calculation are very large. 

(5) The calculated relative central reactivities of 
U?33, U235 and Pu?’ are in moderately good agree- 
ment with experimental data. These data are not 
sensitive to the calculated spectra. The agreement 
indicates that the assumed nuclear data for these 
isotopes are reasonably accurate. 

(6) The reactivity effects of the scatterers car- 
bon, oxygen, aluminum, and sodium are shown to be 
principally dependent upon the importance spec- 
trum and, hence, can be considered as principally 
importance-spectrum indices. There are large 
discrepancies between the experimental and cal- 
culated reactivities, particularly in the systems 
with soft importance spectra, and it is inferred that 
the calculated importance spectra are too hard. 

(7) The experimental and calculated central re- 
activities of steel are in excellent agreement, and 
those for zirconium are in quite good agreement. 
In view of the evidence of appreciable errors in the 
calculated real flux and importance spectra, it ap- 
pears that this agreement might be fortuitous. 

(8) There are large discrepancies between the 
experimental and calculated central reactivities of 
the heavy absorbers Mo, Nb, Ta, Th??? and B!, Of 
particular note is the experimental reactivity of 
po 31% greater than calculated. Since the o(n,a) 
for B is roughly 1/y in dependence, this is strong 
corroboration of the prompt-neutron lifetime data 
for which the discrepancy is 34%. Thus, the B! 
central reactivity data also show that the calculated 
spectra are too hard. 
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The data for Mo, Nb, Ta and Th232 do not gen- 
erally support the B!’ data, but it is suggested that 
this may be due to uncertainty in the knowledge of 
o(n,y) for these materials. 

(9) The calculation of the reactivity effect of ue 
is shown to be quite sensitive to the assumed cross 
sections due to competing reactions, and it is not 
possible to identify errors in U238 data. The agree- 
ment between results of experiment and calculation 
would be improved if the calculated spectrum were 
not so hard. 


Spectral Shift 


Experimental work under the Spectral Shift 
Control Reactor (SSCR) Basic Physics Program 
was reviewed in Power Reactor Technology, 
5(4): 17; 6(2): 13; 6(3): 81; and 7(1): 8. Refer- 
ences 16 to 19 are topical reports containing 
summaries of the experimental work as well as 
some analysis and interpretation of the experi- 
ments. Reference 16 summarizes results of 
20 uniform lattice measurements that utilize 
4.02% enriched UO, clad in stainless steel as 
fuel as well as 2.46% enriched UO, clad in 
aluminum. Lattice nonmoderator-to-moderator 
volume ratios varied from 0.65 to 1.2. The 
moderator mixtures of light and heavy water 
ranged from 0 to 77 mole % D,O. Theoretical 
interpretation has shown that these systems are 
very sensitive to the resonance integral of 
23817, Also, it was pointed out that the multi- 
region, few-group diffusion model provides an 
adequate means of predicting lattice criticality 
as well as space and energy flux distributions 
over a large range of lattice parameters. 

Reference 17 gives a summary of the per- 
turbation experiments as well as an analysis of 
these experiments. The PDQ-4 four-group two- 
dimensional code and the TKO four-group three- 
dimensional code were used for the analysis. 
Coefficients for the diffusion equation were 
calculated utilizing the BPG computer code. In 
general, the agreement between calculations 
and experiment is good. 

Reference 18 is a summary of the small- 
lattice work. In addition to the work reviewed 
in Power Reactor Technology, 1(1): 8, lattice 
parameters for fuel rods containing thorium 
as the fertile material were measured at two 
heavy-water concentrations, namely, 70.4 and 
80.4 mole %. Although critical experiments were 
not available for comparison as was the case 
with the UO, measurements, the results appear 
to be consistent and are in reasonably good 
agreement with theoretical predictions. 
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In spectral shift reactors the large epither- 
mal absorption by the fertile material leads to 
cadmium ratios close to unity for this material. 
Errors in cadmium ratios of this magnitude 
lead to very large errors in pP the ratio of 
epicadmium to subcadmium absorptions. This 
has given incentive for the development of a 
method of measuring this quantity with some 
degree of accuracy. Reference 19 describes 
such a technique, which has been demonstrated 
by measurements to 1% in 12 water-moderated 
I aa The principal advantages of the method 
are! 


1. Uranium activities are measured by chem- 
ically processing the irradiated fuel to avoid 
problems associated with the use of 238) foils. 

2. Cadmium-covered uranium measurements 
are eliminated to avoid cadmium perturbations. 

3. P23 is obtained directly, rather than by the 
difference between the cadmium ratio andunity, 
to avoid large errors when the cadmium ratio 
approaches unity. 


Physics of Heavy- 
Water Lattices 


Several analytical schemes have been em- 
ployed in the past to determine D,O lattice 
bucklings from test-lattice data obtained by fuel 
assembly substitution measurements. Reference 
20 presents a comparison between experiment 
and predictions of three such analytical schemes 
for test lattices that have bucklings known from 
previous one-region pile measurements. 


A typical substitution measurement of a 
lattice buckling has three steps: (1) a refer- 
ence measurement in a one-region lattice, (2) 
the substitution of one or more test fuel as- 
semblies for reference fuel assemblies, and 
(3) a remeasurement in the mixed lattice. 
Three methods of analysis are described and 
compared with experiment. The first is a one- 
group three-region perturbation method (after 
Persson)* which requires experimental data for 
test regions of at least two different sizes. 
These results are then used to extrapolate to 
the case in which the test lattice extends through 


*Persson’s work is referenced in the following re- 
port: R. Persson, One-Group Perturbation Theory 
Applied to Substitution Measurements with Void, 
Swedish Report RFX-74, 1961. 
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the pile. The second method is a two-region 
two-group approach which utilizes a single 
measurement of the critical moderator height 
with test assemblies present and a measure- 
ment of the critical moderator height with the 
One-region reference loading. This analysis 
requires a knowledge of the fast and slow dif- 
fusion coefficients, the fast and slow migration 
areas, and the resonance escape probability for 
both the reference and test lattices. The third 
method involves two-group three-region cal- 
culations and thus combines features of the 
two preceding methods. At least two differently 
sized substitution loadings are made and the 
results analyzed in concert by two-group theory 
to eliminate the effect of the intermediate zone 
of immediately adjoining test and reference fuel 
assemblies while obtaining the buckling for the 
test region. 


All experimental measurements were per- 
formed in the Process Development Pile ona 
9.33-in. triangular pitch. The fuel assemblies 
employed in the test lattices were of four 
types: (1) a 31-element UO, rod cluster in a 
9-in.-OD aluminum housing tube (0.056 in. 
thick); (2) a 19-element UO, rod cluster in a 
4-in.-OD aluminum housing tube (0.054 in. 
thick); (3) a 19-element UO, rod cluster in a 
S-in.-OD aluminum housing tube (0.056 in. 
thick); and (4) a single natural-uranium-metal 
rod. The 0.50-in.-OD natural-UO, columns had 
a density of 10.4 g/cm’, were clad in a 0.547- 
in.-OD 0.02-in.-thick 6063 aluminum tube, and 
were spaced on a Q.650-in. triangular pitch 
within a cluster. The 0.998-in.-OD metal rod 
was clad in a 1.090-in.-OD 0.032-in.-wall 6063 
aluminum tube. Reference fuel assemblies con- 
sisted of the 3l-element UO, rod clusters with 
either D,O or air-filled housing tubes. Extrap- 
olated pile radii and vertical extrapolation 
distances were measured by the flux profile 
method. The perturbation method included mea- 
surements of the change in diffusion coefficients, 
5D, /D,, resulting from voiding the coolant 
channels of test assemblies. Conclusions onthe 
applicability of the analytical methods were as 
follows: (1) the successive-substitution one- 
group perturbation method gave satisfactory 
results in all cases; (2) the two-region two- 
group method gave satisfactory results under 
limited conditions; and (3) the three-region 
two-group method worked well but did not offer 
any advantage over the one-group perturbation 
method to justify its greater complexity. 
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Further comparisons between experiment and 
predicted reactivity parameters for clusters of 
natural-uranium and oxide rods are presented 
in Ref. 21. The first part of this report is con- 
cerned with a comparison between the present 
calculational method employed at United Nuclear 
Corp. and two other methods in use during the 
period around 1959, i.e., prior to the existence 
of reliable data (ko and B’) on large clusters 
of natural-uranium rods, for normalization of 
calculational methods over the complete range 
of practical interest. The results of the three 
calculational methods are compared over the 
relatively broad range of parameters contained 
in the following experimental data: (1) mea- 
surements of ko and material buckling for D,O- 
cooled 7- and 19-element metal rod (0.515-in. 
diameter) and UO, rod (0.520-in. diameter) 
clusters at the Zero Energy Experimental Pile, 
Chalk River; (2) measurements of kb, for D,O- 
and air-cooled 19-element UO, rod (0.504-in. 
diameter) clusters at the PCTR, Hanford; (3) 
measurements of material buckling for D,O- 
cooled 7-element metal rod (1.0-in. diameter) 
clusters at the Process Development Pile, 
Savannah River; and (4) measurements of k„ for 
19-, 31-, and 37-element UO, rod (0.5-in. 
diameter) clusters at the Pawling Lattice Test 
Rig (PLATR), United Nuclear Corp. In the 
latter group the experiments were chosen to 
check the ability of the calculational methods 
to calculate: k,, for D,O-cooled lattices, cool- 
ant density coefficients, and the effect of re- 
placing DO with low-density H,O. 


The second part of the report” contains a 
comparison between predictions of the cal- 
culational method presently employed at United 
Nuclear Corp. and the results of measurements 
of thermal utilization and ko made in the 
PLATR. The latter facility was specially con- 
structed for D,O studies; ko measurements are 
performed by the void-substitution or null- 
reactivity technique, similar to the method 
employed at the PCTR. Results are presented 
for 19-, 31-, and 37-element clusters of 0.5-in.- 
diameter UO, rods, for a series of experiments 
with fuel elements consisting of concentric 
tubes of UO, (inside diameters of 0.56, 1.24, 
1.54, 2.52, 2.52, and 3.50 in. and outside di- 
ameters of 1.06, 2.04, 2.04, 3.02, 3.32, and 
4.00 in., respectively), and 7-, 19-, and 31- 
element clusters of 0.5-in.-diameter UC rods. 
Coolants used include air, D,O, low-density 
H,O (fog), and organic (Dowtherm A). 


t?! 
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Reference 22 provides a review of the re- 
quirements, methods, and accuracy of experi- 
mental physics studies performed on heavy- 
water lattices. The types of measurements 
discussed include those of buckling, multiplica- 
tion constant, intracell lattice parameter, mi- 
gration area, spectrum, and operating coef- 
ficients. Within each category the experimental 
methods and accuracy of measurement are 
discussed, and, where possible, the discussion 
is illustrated with examples taken from the 
heavy-water power-reactor studies at the Sa- 
vannah River Laboratory. A broad spectrum of 
experimental methods and their interpretation 
is covered in a concise manner with a minimum 
of mathematical detail. An extensive bibliog- 
raphy is provided to supplement the mathe- 
matical aspects of the subject. 


Resonance Integrals 
in Fertile Isotopes 


Because the results of measurements of 
resonance integrals as a function of rod size 
have been sufficiently inconsistent to indicate 
the presence of large systematic errors in 
some of the measurements or in some of the 
interpretations, Pettus et al. 23,24 have measured 
the effective resonance integrals for the two 
fertile isotopes, **U and ?**Th, in both their 
metal and oxide forms as functions of lump 
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Fig. II-3 Uranium oxide effective resonance integral 
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size in the Lynchburg Pool Reactor at the 
Babcock & Wilcox Co. Nuclear Development 
Center. See Figs. H-3 to H-5. In addition to 
the resonance-integral measurements, Refs. 
23 and 24 give measurements of temperature 
effects and determinations of the Dancoff fac- 
tor. The Dancoff factor measurements sub- 
stantiate calculations that utilize the Bel” 
approximation. 

It is of particular interest that both activa- 
tion and reactivity techniques were used to 
measure the resonance integrals independently 
and that results of the two techniques compared 
favorably. Apparently no comparable work using 
both techniques at the same facility has been 
reported. Linear fits to results obtained for the 
resonance integrals as a function of the square 
root of the surface-to-mass ratio are given 
below: 


238U (metal) RI = 2.4 + 26.2 VS/M 
238U (oxide) RI = 0.8 + 28.2 VS/M 
232Tph (metal) RI = 3.91 + 14.81 VS/M 
282Th (oxide) RI =3.41 + 17.32 VS/M 


Note that no 1% contributions are included in 
these expressions. The formulas for uranium 
were obtained from fits to both the reactivity 
and activation measurements, whereas the for- 
mulas for thorium are from the activation re- 
sults only. The activation results are preferred 
because many complex calculations are re- 
quired for the proper interpretation of the 
reactivity measurements. In particular, the 
neutron spectrum as well as the importance 
function must be calculated as a function of the 
lethargy within the cadmium sleeve where the 
measurements are made. 

As an indication of the agreement between 
the activation and reactivity measurements, 
results are presented for uranium oxide in 
Fig. 0-3. A comparison of this work on ura- 
nium with other recent measurements (Refs. 
26 and 27 cited for comparison purposes) 
indicates that the uranium-metal results are 
in good agreement but that the uranium oxide 
results are systematically several barns lower. 
Although the differences in the uranium oxide 
results are not fully explained, note that in this 
work the same ratio of oxide-to-metal capture 
was obtained by both activation and reactivity 
measurements and that this ratio is independent 
of calibration errors. A comparison of the 
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results for thorium metal and oxide with recent 
measurements at other facilities is given in 
Figs. H-4 and 10-5. 

Reference 23 gives the results of measure- 
ment of the uranium metal and uranium oxide 
resonance integrals by activation techniques. 
A comparison of this work with previous mea- 
surements of Hellstrand indicates good agree- 
ment for uranium oxide and poorer agreement 
for uranium metal. It is pointed out,?® however, 
that the difference between results for uranium 
metal is judged to be within the over-all un- 
certainty. Results of these measurements are 
given below. 


RI, barns 


For %38U (metal): 





0.2 0.4 0.6 0.8 1.0 1.2 
RI = 6.09 + 24.8 VS/M 0.4 < VS/M < 0.75 
v7 S/M 
23 ee 
For ĉU (oxide): l.- Moore, etal, 
British Report AEEW - R 57, 1961 
RI = 3.91 + 27.8 /S/M 0.2 < VS/M < 0.6 2.- Helistrand and Weitman, 
Swedish Report AE-99, 1962 
The 1⁄ part of the integral is included in these 3. - Present Work 
expressions. 4. - Thie, "Heavy Water Exponential Expts. 


Using ThOgand UO2", Pergamon Press, 1961 





22 Fig. I-5 Comparison of thorium oxide results with 
20 other recent measurements.”4 
18 Recent measurements of the effective reso- 
ë nance integral of thorium oxide rods are re- 
m ported in Ref. 29. In the activation technique 
5 4 used, activities obtained in thermal and slowing- 
= down neutron fluxes were compared and gold 
oe e was utilized as a standard. The results of these 
thorium oxide measurements are expressed by: 
IO 
8 RI = (4.9 + 15.5 VS/M) + 5.0% 
6 The 1/v part of the integral is excluded from 
this expression. 
4 
Sm Effective Cross Sections 
I. - Moore et ol, The need for an accurate description of the 
British Report AEEW- R57, I961 time-dependent concentrations of fission prod- 
2. - Hellstrand and Weitman, ; i i 
Swedish Report AE -99 , 1962 ucts and their macroscopic cross sections 
3 - Present Work prompted the formulation of the CINDER one- 
4 = Rothman dnd Ward point depletion and fission-product program. 
Nuc. Sci. &8 Eng., |, 293,1962 Reference 30 presents the analytical and physi- 
cal basis for this program and a comparison 
Fig. H-4 Comparison of thorium-metal results with with experimental results for enriched-uranium 


other recent measurements.”4 samples exposed to a fuel depletion of 87%. 
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An exact analytical method is outlined%’ for 
calculating the detailed time-dependent con- 
centration of each fission product and other 
generated nuclides. The analytical treatment 
is general and applicable to all fuels. It in- 
cludes the formation of nuclides by both radio- 
active decay (8 and y) and neutron capture. 
Flexibility is built into the calculation by the 
use of linear chains coupling each nuclide to a 
single parent (contains no branches). This ap- 
proach results in a unique set of coupled equa- 
tions which can be solved independently of 
particular nuclide parameters and which can 
be applied to all chains. The chains are inde- 
pendent in the sense that the concentrations in 
each chain can be calculated without regard to 
the other chains; the total concentration of each 
nuclide is given by the sum of the partial con- 
centrations from each chain. The CINDER pro- 
gram embodies this approach in determining 
the concentration of the mth nuclide, assuming 
a constant flux and an average fission rate 
during a given time increment. The program 
employs one to four arbitrary energy groups 
and will handle up to 300 nuclides grouped into 
linear chains as specified by the requester. Up 
to 99 fission-product chains and 40 fuel chains 
containing a maximum of 15 nuclides each are 
permitted. The direct fission yields for! the 
nuclides in the fission-product chains can be 
specified for up to 10 fissile nuclides appearing 
in the fuel chains. These limitations are arbi- 
trary and readily changed. The calculation is 
performed in a sequence of time increments 
with each increment being of arbitrary length. 
At each of these increments, the power density 
(or, optionally, the thermal flux), the fast-to- 
thermal flux ratios, a thermal spectrum (or 
shielding) factor, and an epithermal shielding 
factor (per nuclide) can be specified. The pa- 
rameters needed to calculate the concentra- 
tions, i.e., decay constants, cross sections, 
type of coupling, yields, etc., must be specified 
by the requester. At the end of each time step, 
the program output provides the individual 
nuclide concentrations, the barns per fission 
and macroscopic absorption cross sections in 
each energy group (total and summed over 
selected nuclides), and other quantities of in- 
terest. Given is a recommended set of data 
(cross sections, half-lives, yield fractions, and 
nuclide chains) necessary to describe the prod- 
ucts resulting from fission of ĉu, 238U and 
239pu. The tabulation includes 67 chains and 
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256 nuclides of which only 163 are actually 
different nuclides. The more important nuclides 
and chains are discussed in detail. 

The calculational method is demonstrated by 
calculating both the individual and total thermal 
and resonance cross sections per fission of 
163 fission products from ***U, natural uranium, 
enriched uranium, and 7**pu, in a variety of 
irradiation flux histories and spectra. All known 
fission products of significance are included in 
the analysis, i.e., those formed by direct 
fission yields and by neutron absorption and 
radioactive decay. A comparison of the aggre- 
gate absorption cross sections, determined by 
both calculation and experiment for a highly 
enriched sample, shows agreement to within 
2% thermally and 15% epithermally. 

Reference 31 presents a compilation of neu- 
tron cross sections for 6-, 16-, 18-, 24-, and 
25-group problems, with neutron energies rang- 
ing from fast to thermal. A conspicuous feature 
of this report is the lack of definitions, dis- 
cussion, source of contents, and references. 


Physics of Control 


Materials 


Reference 32 is a topical report on the ab- 
sorber burnup experimental program carried 
out at the Vallecitos Atomic Laboratory. The 
purpose of the program is to provide informa- 
tion about the change in effective absorption 
cross section of reactor control-element ma- 
terials due to transmutation by neutron capture. 
Test samples were in the form of cylinders, 
4, in. in diameter and 2 in. in length. Most of 
the absorber materials were diluted in glass to 
provide samples of three different self-shielding 
factors for each element (corresponding to 
Lal of — 0.2, 1, and 5). The samples were ir- 
radiated in a region adjacent to the core of the 
General Electric Test Reactor pool facility, 
and the flux was monitored by aluminum-cohbalt 
wires. After each irradiation the reactivity ef- 
fect due to the individual samples was mea- 
sured by pile oscillator techniques in the 
General Electric Nuclear Test Reactor. Reso- 
nance and subcadmium effects were measured 
by oscillating the samples with and without a 
fixed 20-mil cadmium sleeve. A detailed de- 
Scription of the experimental technique and 
method of interpreting the experimental data is 
given for each element investigated. Figure 1-6 
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Fractional Burnup 


Fig. H-6 Fractional cross section vs. fractional burnup.22 


presents curves of the effective fractional cross 
section, o(n)/o(0), vs. fractional burnup, n/No, 
where 


o(m) = isotopically weighted element cross 
section after capturing n neutrons per 
atom 

o(0) = isotopically weighted element cross 
section for no irradiation 

n = number of neutrons captured by the 
absorbing element (per atom of the 
element) 

N= number of initial atoms of a given 
element 


The curves neglect all resonance capture ef- 
fects. They are computed on the basis of ther- 
mal burnup, and the experimental verification 
was with a thermal flux. 

A theoretical investigation has been made 
regarding the effect of binary poison mixtures 
on the temperature defect and temperature coef- 
ficient with a simple reactor model.’ The 
poison mixtures investigated were Gd-Er, Gd- 
Eu, Eu-Er, and Eu-Cd. The reactor model 
consists of an infinite homogeneous mixture of 
23SU, carbon, and poison, thus eliminating the 
need for consideration of lattice effects. The 


change in an operating characteristic at a given 
operating temperature is defined in terms of 
the behavior of the reactor system poisoned 
with the binary mixture relative to one poisoned 
with boron. Both reactors use the same fuel 
and structure density and the same multiplica- 
tion factor at operating temperature; conse- 
quently both reactors have the same percentage 
of parasitic absorption. To simplify computa- 
tions the Westcott scheme for computing reac- 
tion rates was adopted. All materials other 
than 235U and the binary poison mixtures were 
assumed to have cross sections of the 1/ type. 

In the analytical model adopted, changes in 
the poison cross section are dependent solely 
on changes in the moderator temperature. 
Restrictions on the temperature dependence of 
the poison cross sections necessary to give a 
decrease in both the temperature defect and 
temperature coefficient were derived. It was 
found, for a fixed macroscopic poison cross 
section, that the largest decrease in the tem- 
perature coefficient is produced by the element 
or isotope having the largest value of do/(caT), 
whereas the poison that gives the largest de- 
crease in the temperature defect is one having 
the highest ratio of cross section at room tem- 
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perature to cross section at operating tem- 
perature. This result seems hardly surprising. 
It was also found that in this model the mag- 
nitude of the negative temperature coefficient 
could be increased and the temperature defect 
could be decreased simultaneously, and a suita- 
bly selected binary mixture could decrease the 
temperature defect without changing the tem- 
perature coefficient of reactivity. 


One objective when selecting a burnable 
poison for use ina reactor is to match the re- 
activity curve throughout the life of the reactor. 
In many cases not only does a mismatch occur, 
but a sizable residue of poison remains at the 
end of life. These effects are of particular im- 
portance for the case of slightly enriched cores, 
where the desired burnout curve departs quite 
widely from that of an unshielded poison. Ref- 
erence 34 presents the results of an investiga- 
tion to find a burnable poison element that can 
be used to match essentially any decreasing 
reactivity curve and still have a tolerable 
residue. The approach taken by the author 
exploits geometrical effects for highly self- 
Shielded poison materials rather than adjust- 
ment of unshielded elemental cross sections. 
The use of highly self-shielded poisons allows 
the shape of the burnout curve to be nearly 
independent of the particular (high cross sec- 
tion) element used. 


It is assumed in the analysis that the total 
effective cross section is proportional to the 
absorber surface, and, for the case ofcylinders 
or slabs, one dimension (optical thickness) is 
Smaller than the other dimensions. With these 
assumptions it is shown that spherical particles 
yield little improvement over an unshielded 
poison, that cylinders are limited to a linear 
reactivity shape, but that slabs allow the syn- 
thesis of any decreasing burnout character- 
istics by a combination of samples with different 
initial blackness factors. Typical fuel cycles 
were evaluated to determine additional re- 
quirements on the burnable poison; both ir- 
radiation lifetime and burnout shape were deter- 
mined. The physical characteristics of four 
poison materials (cadmium, Samarium, euro- 
pium, and gadolinium) were examined, and 
gadolinium was selected for further investiga- 
tion. To retain the desirable geometric proper- 
ties associated with a slab geometry as well as 
the requirement of a high neutron absorption 
cross section, the actual shape of the absorber 
lumps was taken to be that of a right-circular 
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disk. The effect of disk geometry on both the 
self-shielding factor and external medium was 
investigated first for monoenergetic reactions; 
the analysis was then extended to include spec- 
tral effects. The dependence of the self-shielding 
factor and effective cross section (on irradia- 
tion) were evaluated for disks of different 
dimensions. Experiments were performed to 
obtain information on (1) the amount of poison 
residue from gadolinium, (2) self-shielding fac- 
tors for gadolinium disks, and (3) the burnout 
behavior of gadolinium disks. A description of 
the experimental procedures and data inter- 
pretation are given. 


Shielding 


ML-1 Shield Design 


A complete report on the ML-1 radiation 
shield has been published. The ML-1 is a 
closed-cycle gas-cooled nuclear power plant 
developed to demonstrate the feasibility of 
using such a plant in the field; it was reviewed 
in Power Reactor Technology, 6(3): 57-60. Since 
the plant was to be transportable, the shielding 
was designed primarily to allow access around 
the reactor after shutdown. Accordingly it is of 
interest to review the field operating char- 
acteristics of the plant: 


The plant unit (connected reactor and power con- 
version packages) shall be assembled on a standard 
military semi-trailer... and all preparations com- 
pleted for relocation to an operating site within six 
(6) hours after unloading from any aircraft. 

The plant shall be capable of being installed and 
delivering rated power within twelve (12) hours 
after arrival at an operating site. 

The plant shall be capable of relocation to a new 
site beginning twenty-four (24) hours after reactor 
shutdown following operation for extended periods 
at full power. Completion of disassembly and load- 
ing shall be within thirty-six (36) hours after reac- 
tor shutdown. 

Nuclear radiation allowed: (1) Allowable radia- 
tion, twenty-four (24) hours after shutdown at 
twenty-five (25) ft from the reactor in the direction 
of the (truck) cab (without water shield), is fifteen 
(15) mr/hr with the power conversion package in 
place. (2) No personnel shall receive greater than 
3 rem/quarter. 

During plant operation, radiation shielding inte- 
gral to the plant may be supplemented by field ex- 
pedient materials (earth, gravel, wood, water) 
sufficient to reduce radiation levels outside the 
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combined shield to within dosage levels prescribed 
by the Surgeon General D/A. The integral plant 
shield (excluding supplemental expedient shielding) 
shall be adequate to reduce the residual radiation 
level following full power operation for extended 
periods to safe levels in time to permit relocation 
twenty-four (24) hours after reactor shutdown. 


A discussion of the shield design changes 
that took place as the reactor system was 
developed is presented% in chronological order 
with a listing of the reasons for each significant 
change in design. The reasons include a change 


in performance specifications, unacceptable ma- 


terials, and the incorporation of Lid Tank 
Shielding Facility (LTSF) test results into the 
final shield design. The original shield design, 
for example, used canned crystalline ammonium 
pentaborate as a solid shielding material, but 
during testing it was found not acceptable be- 
cause of deterioration under thermal cycling 
and radiation. Ammonium pentaborate in aque- 
ous solution was considered; however, during 
testing it was found to be unacceptable because 
it was corrosive to aluminum alloys and un- 
Stable above 150°F. The final choice was a 
boric acid solution. 
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The complete analysis of the final shield 
design, as shown in Fig. H-7, is presented in 
the report. The analysis is in two parts. One 
part deals with the after-shutdown dose rate, 
which is of prime importance in this shield 
design, and the other part deals with the ex- 
pected dose rates during reactor operation. An 
outline of the methods used in these calcula- 
tions is presented. The report also presents 
the data from a series of experiments which 
were conducted in the LTSF at Oak Ridge Na- 
tional Laboratory in support of the ML-1 shield 
design. The tests included both operational and 
shutdown measurements. Also included were 
variations of the shielding materials, changing 
of shielding-material thicknesses, and variation 
of boron content in the water annulus. 

Of particular interest is the operational dose- 
rate data taken during power runs of the ML-1 
system. The shielding was that of the reference 
design (Fig. II-7), with the exception that an 
expedient shield consisting of 17!⁄ in. of wood 
(Douglas fir) was positioned directly over the 
reactor to help reduce the air-scattered dose 
rate. The operational data agreed fairly well 
with the analysis and proved that the system 



















Final design of the ML-1 shield.*® 
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could operate in the field without exceeding the 
dose-rate limits set forth in the specifications. 


Geometrical Attenuation Factors 


The analysis of many shielding problems can 
be reduced to surface sources that require only 
a geometrical attenuation factor to determine 
the radiation flux at the detector location. There 
are actually very few instances in which a true 
surface source exists, but there are several 
instances in which a volume source can be 
represented as a surface source. As an aid in 
quickly determining the radiation flux from 
either a cylindrical or concave spherical sur- 
face source, a recent report*® presents the 
geometrical attenuation factors in the form of 
sets of curves. The attenuation factors are 
plotted as functions of the ratiod:R, whered 
is the source-detector separation distance and 
R is the radius of the source. The cylindrical 
source data are further broken down into sepa- 
rate curves for different length-to- radius ratios. 
Curves are also presented for concave spherical 
surfaces with different polar angles. For the 
two geometries, curves are presented for both 
isotropic and cosine source distributions. The 
choice of which set of curves to use is left to 
the user’s discretion. A true surface source 
would be isotropic, but, when a volume source 
is replaced by an “equivalent” surface source, 
representation by either distribution will be an 
approximation at best. 


Measurement of !6O(n, p)!ŠN Cross Section 


In water-cooled reactors the most significant 
activity as far as biological shielding of the 
primary coolant pipes and systems is concerned 
is the !°N activity. The İN is formed inor very 
near the reactor core by a fast-neutron reac- 
tion with !ŠO, which is the most abundant oxygen 
isotope. The İN decays by ß emission with a 
half-life of 7.35 sec, releasing several high- 
energy gammas. The most important gammas 
have energies of 6.13 and 7.11 Mev and occur 
in 69 and 5% of the disintegrations, respectively. 
It is these high-energy gammas which deter- 
mine the shielding requirements of the water 
or steam coolant system. 

The measurement of the cross section for 
the '*0O(n,p)'®°N reaction is therefore very im- 
portant. Until recently there has been some 
discrepancy in the cross section at about 14.7 
Mev. To resolve the discrepancies an experi- 
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ment was run to remeasure the cross section 
between the neutron energies of 12.6 and 16.3 
Mev.*" When these cross sections were com- 
bined with previously measured cross sections 
from 10.24 Mev (the reaction threshold) to 
12.6 Mev,’ a curve was obtained which could 
be integrated over the Watt fission spectrum 
to yield an effective cross section for fission 
neutrons. This effective cross section was 
evaluated as 19.5 ub, an effective cross section 
in agreement with most previously calculated 
and measured effective values. Care is nec- 
essary in the choice of fits tothe Watt spectrum 
as this alone can vary the effective cross sec- 

tion from 16.5 ub to 24.3 ub. | 
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II Fluid and Thermal 


Power Reoctor Technology 


Burnout Correlations from 
the Russian Literature 


By John S. Wiley 


In an earlier discussion of burnout limits [Power 
Reactor Technology, (1): 14-26], two circum- 
stances were pointed out which are well known 
to heat-transfer investigators but which may 
not be emphasized strongly enough when thermal 
limits are set for a particular reactor. They 
are: 

— Burnout correlations that are arrived at 
empirically to cover a wide range of operating 
variables provide no means of distinguishing 
between deviations which result from experi- 
mental errors and those which result from true 
functional relations neglected inthe correlation. 

— The burnout ratio, as ordinarily used in 
reactor design, represents not so much a Safety 
factor on reactor heat flux (and hence on reac- 
tor power) as an uncertainty factor, related to 
the uncertainty as to whether the burnout cor- 
relation used is truly applicable to the situation 
in the reactor core. 


Both of these considerations emphasize the de- 
sirability of comparing correlations and burnout 
data that have been developed by investigators 
who are widely separated in background and in 
approach. The Russian work provides a useful 


Table III-1 RUSSIAN BURNOUT CORRELATIONS 


EXAMINED 
Correlator Reference 
Kutateladze 1 
Ornatskii and Kichigin 2 
Povarnin and Semenov 3 
Zenkevich 4,5 
Zenkevich and Subbotin 6 
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comparison of this kind with the U. S. work that 
has been reviewed more frequently in Power 
Reactor Technology. The purpose of this review 
is to make such a comparison. Some work by 
British investigators is also covered”! because 
it illuminates the effect of length and diameter 
on the burnc: heat flux in tubular test sections, 
a question that has particular significance in the 
comparison. 


Burnout Correlations for Subcooled Water: 
Tubular Geometry 


The correlations considered here are listed 
in Table HII-1. It is not clear whether U.S. 
burnout data were used to any important extent 
in developing the correlations. Direct refer- 
ences to data from USAEC documents are not 
often cited in the Russian heat-transfer litera- 
ture, although there are references to journals 
of the U. S. technical societies, such as the 
American Society of Mechanical Engineers and 
the American Institute of Chemical Engineers. 

One of the surprising things discovered was 
that those correlations in which the surface 
tension of water was a parameter were quite 
dependent on the value of surface tension used, 
particularly at pressures approaching the criti- 
cal pressure where the surface tension ap- 
proaches zero. Accordingly values of surface 
tension were taken from Ref. 7. At pressures 
approaching critical the Russian values differ 
appreciably from numbers in the International 
Critical Tables, at least as presented in Ref. 8. 

Another difficulty in comparing the various 
correlations arises in converting pressure from 
metric to British units. The usual unit used in 
the Russian literature is the atmosphere, which 
is defined in either of two ways:’ 


1 atm = 1 kg/cm? = 735.6 mm Hg 
1 atm(phys) = 1.034 kg/cm? = 760 mm Hg 
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The former definition (1 atm = 1 kg/cm?) seems, 
on the basis of some spot checks of saturation- 
pressure data, to be the one most often used in 
the Russian literature, and it was used for the 
conversions made in this review. 

The correlation by Zenkevich and Subbotin is 
stated‘ to lie within +10% of the Zenkevich cor- 
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by that of Zenkevich and Subbotin,* require 
careful attention to the units to ensure correct 
answers. 

The correlation of Zenkevich is plotted in 
Figs. HI-1 and MI-2. Again the concept of steam- 
energy flow (SEF) is utilized to compare the 
correlation with data given in Power Reactor 


Table HI-2 LIST OF SYMBOLS USED BY ZENKEVICH 


Russian 
symbol Definition Units USA symbol 
Ger Critical heat flux keal/(hr)(m*) po, etc, 
> Vaporization enthalpy kcal/kg hfg 
y Kinematic viscosity* m*/hr a/p 
Surface tensiont kg/m g 
W; Mass velocity kg/(hr)(m2) G 
y. Density of water at saturation kg/m? 1/vy 
temperature 
y" Density of steam at saturation kg/m? l/vg 
temperature | 
Re Density of water* kg/m? p 
Beat Enthalpy of saturated water kcal/kg hy 
Ë sub Enthalpy of subcooled water* kcal/kg h 


* Taken for mean water temperature at test-section exit. 


tTaken at saturation temperature. 


relation, and attention will therefore be devoted 
to the latter. The Zenkevich correlation is as 
follows: 


K = K? (95 + 420K.) 


0.32 x 10° -s 
Si s. 
š Ë "RET + 2.6K, + 50K; ) 1° ) @) 


_ Ver U N 
where K = > aw, i) 


7 
K, y aR 
K, = lsat = ¿sub 


, 1 
p = We [o/(' — y") ° 
Ysub V 


The definitions of K, K,, K,, and R involve the 
Russian symbols usually found in their heat- 
transfer—fluid-dynamics technical articles. A 
list of these symbols and their usual U. S. 
equivalents is given in Table III-2. In correla- 
tions like that of Zenkevich, Eq. 1, where di- 
mensionless groupings are utilized, it is rela- 
tively easy to handle the units. On the other 
hand, strictly empirical correlations, typified 


Technology, 7(1): 14-26. SEF is ‘calculated as 
the product of the mass flow through the test 
section and the difference between the enthalpy 
at the burnout point and that of saturated water 
at the test-section pressure. Also plotted in 
Figs. HI-1 and II-2 are (dotted) DNB-1 lines 
for corresponding pressures taken from Power 
Reactor Technology, 7(1). The agreement be- 
tween the solid and dotted lines (which are 
based on Ref. 9 data) is fairly good. Data of 
Buchberg were used in developing the Zenkevich 
correlation; Ref. 10 contains these data in 
graphs, and Zenkevich states that the graphs 
were used in the development of Eq. 1. These 
data are given as “UCLA burnout data for sub- 
cooled water at tube exit” in Table II of Ref. 11 
and finally appear in Table 12 of Ref. 9. For 
some reason, however, the Table 12 data are 


*The Zenkevich-Subbotin correlation is as follows: 





re =j, 
q. = 590 W ab [| = | i (2) 
UO =o 
where Aty = subcooling at point of burnout, °C 

u” = specific volume of saturated steam at 
test-section pressure, mš /kg 

v’ = specific volume of saturated water at 
test-section pressure, mŠ /kg 
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Zenkevich Correlotion 


Fig. M-12, 
PRT,7,! 


Table 
12 
Data 


$ BO /106, Btu/(hriisq ft) 


(s -G/IOS= 77 
A -G/IOS- 3.8 





O 
-2 40 -8 -6 -4 -2 0 2 4 6 
SEF/IO8 Btu/(hr)sq ft) 


Fig. HI-1 Comparison of correlation of Zenkevicht°5 
with data appearing in Table 12 of Ref.9. Also plotted 
is a curve taken from Fig. II-12, Power Reactor 
Technology, 7(1): 22. Pressure = 1000 psia. 


Zenkevich Correlation 


DNB -41 Lines 
Fig M -6 


PRT,7,1 
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Fig. HI-2 Comparison of correlation of Zenkevich*® 


with data taken from Fig. III-6, Power Reactor Tech- 
nology, 7(1): 18. Pressure = 2000 psia. 
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Slightly different from the data that originally 
appeared in Ref. 10. 


One wonders why, if Zenkevich used Buch- 
berg’s data in developing his correlation, the 
correlation does not agree more closely with 
the Buchberg data. A comparison is given in 
Table II-3, and Fig. HI-1 also shows Table 12 
data of Ref. 9. It can be seen that the Zenkevich 
correlation overpredicts @so by as much asa 
factor of 2. It is possible that only the 2000-psia 
data of Buchberg were used by Zenkevich, since 
the agreement for the 2000-psia data is rela- 
tively good (as shown in Table IN-3). Figure 3 
of Ref. 4, page 139, shows a comparison of 
Buchberg’s data with Eq. 1, and a total of 26 
points is shown. Table 12 of Ref. 9 contains re- 
sults of 27 experiments at 2000 psia in the sub- 
cooled regime. In addition, Zenkevich concluded 
that the critical heat flux is not affected by tube 
diameter in the range from 4 to 12 mm. This is 
questioned in Ref. 12. The diameter effect will 
be considered in this article in a later section. 


Several correlations, which are listed in 
Table HI-4, are compared in Fig. HI-3. The 
correlation of U. S. origin (WCAP) is included 
for purposes of comparison. It is believed likely 
that the differences in the values of gg pre- 
dicted by the various correlations is primarily 
due to a lack of inclusion (or improper inclu- 
sion) of terms for the effect of L and D. The 
values of L and D used by the various experi- 
menters are indicated on Fig. III-3, and it is 
evident that Ornatskii and Kichigin achieve quite 
high values of gg, with their short, small- 
diameter tube. Interestingly, Kutateladze in 
writing his correlation stated that he used data 


Table II-3 COMPARISON OF ZENKEVICH CORRELATION WITH TABLE 12 DATA OF REF. 9 








Mass flow, Burnout enthalpy, PBOpredicted: $BOexperimental: Q BOe xperimental = OBO predicted 
Table 12* Pressure, lb/(hr)(sq ft) experimental, Btu/(hr)(sq ft) Btu/(hr)(sq ft) OBOexperimental ° 
run No. psia x 10 "$ Btu/lb x 107# x 1078 
002 500 3.87 390 1.76 2.68 34 
006 500 3.87 434 1.51 2.28 34 
012 500 7.73 438 2.09 2.04 -2.5 
008 500 7.65 398 2.42 2.70 10.4 
023 1000 | 3.87 385 3.29 2.54 — 30 
026 1000 3.84 436 2.89 1.77 —63 
027 1000 7.71 404 4.46 2.74 — 63 
029 1000 7.65 437 4.07 2.05 — 99 
038 2000 3.95 473 3.42 2.96 —16 
054 2000 3.88 659 1.63 1.42 —15 
049 2000 7.74 573 3.66 3.34 —10 
055 2000 7.76 652 2.44 2.28 -7 





* Table 12 of Ref. 9. 
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of Zenkevich, Zenkevich and Subbotin, and Buch- 
berg, although the publications of the first two 
experimenters do not seem to be any of those 
cited in this article. Note that the correlations 
of Povarnin and Semenov’ and of Kutateladze,! 
as given in the cited references, involved the 


Povornin ond Semenov 


a 
Kutateladze 
Ornatskii and Kichigin. 


D= 0.078" 
L= 1.6" 


Zenkevich — 
0157'<D< 0472" 


— 
WCAP 


Subcooled 


$59 /10©, Btu/(hr)(sq ft) 


Toble 12 Dota. 
Ref. 9 
D=0.226",L= 246" 





-{2 -10 -8 -6 -4 -2 O 
SEF/1OŠ Btu/(hr)(sq ft) 
Fig. HI-3 Comparison of various burnout heat-flux 


correlations. Pressure = 1000 psia, G = 3.7 x 105 1b/ 
(hr)(sq ft). 
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flow velocity rather than the mass flow Wz, as 
shown in Table IlI-4. Kutateladze' calls this, in 
fact, the “reduced flow velocity of liquid.” The 
substitution of the term W,/Ysu was done by the 
present author and may involve some error, 
since the flow velocity varies along the entire 
length of the heated test section. A few data are 
included from Table 12 of Ref. 8 for compara- 
tive purposes. 


Burnout Correlations for Subcooled Water: 
Rod—Bundle Geometry 


Reference 13 contains the results of one of the 
few experiments conducted to study burnout in 
the subcooled regime with a bundle of heated 
rods. The bundle consisted of 7 or 19 rods hav- 
ing an outside diameter of 5 mm (0.197in.) ona 
triangular pitch of 6 mm (0.236 in.). A cross 
section of the bundle is given in part a of Fig. 
III-4, and an individual heater element is shown 
in part b of Fig. HI-4. Burnout-detecting ther- 
mocouples were attached to the central rod and 
three peripheral rods. Experiments were con- 
ducted within the following ranges of variables: 


Pressure: 180 to 210 atm (2560 to 2987 psia) 
Flow rate: 0.65 to 4.65 m/sec (2.1 to 15.3 ft/sec) 
Subcooling (exit): 10 to 40°C 


It was found that the data were correlated by 
the Zenkevich correlation, Eq. 1. Some diffi- 
culty was experienced in reproducing the data 
when a fresh bundle of tubes was tested, and the 


Table 111-4 BURNOUT CORRELATIONS PLOTTED IN FIG. HI-3 





Correlator 


Correlation 





Povarnin and Semenov’ (metric units) 
Ornatskii and Kichigin* (metric units) 


Kutateladze! (metric units) 


qe: = 2.85 x 108 (1 + 0.017 At,u) ( 


W. 0.8 
— = 
24,660 =) 


Ger = 2.5 x 10° Wy“ Atsab (4) 


Icy e Wg 4 J = r 0.5 
i. = 0.023 — r 7 
/ guy — Y 3600 Yo. Rg’ Oo 


T .85 4 . 
x11 + 0.45 (4) “st Te (5) 
y” r 


WCAP* subcooled“ (British units) Pao = (0.23 x 10° + 0,094 G) (3 + 0.01 AT ub) 
x (0.435 + 1.23 e 9:9993L/De) (1 ç = 2.4 e 9) (6) 
; ) ' L Nee 
where: a = (0.532) ((H /— Biz) /H,, | (3) 
P 
f 








*The term a in this correlation has been given three different definitions.!4-16 The particular 
form used above is the one published first and appears in Ref. 14. Reference 16 presumably cor- 
rected the definition given in Ref. 15 but gave the constant as 0.0532. 
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authors state that “... after several successive 
transitions (of regime in boiling), the critical 
heat flux q. attained a steady value.” 

What is not clear, however, is how the sub- 
cooling was measured. The following quotation 
serves to illustrate this:'' 


The results are in satisfactory agreement with 
the equation, although there are marked differences 
in the patterns of water flow forthe bundles of seven 
and nineteen tubes. This agreement is probably re- 
lated to the discrepancy for both types of bundle(s) 
between the mean temperature of the water after 
Mixing at the exit of the bundle and the temperature 
actually measured. 


Test Section Housing 


Sleeve Ring 
26 mm I.D. 


Heater Tube 
6mm Pitch 
5mm Dia. 





A. Cross Section of {9-Rod Bundle. 


Copper Tube 

| 5mm Dia. 

m Imm Wall 

| S.S. Heater Tube 
5mm Dia. 


19 


2 0.27 mm Wall 
N 
opper Rod 
5mm Dia. 
N 
mM 


| 7 
B. Cross Section of Heater Tube 
Used in 19-Rod Bundle. 


Fig. HI-4 Details of test section used to take data 
appearing in Ref. 13. 
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The quotation suggests that subcooling was 
measured at the location of burnout with a 
waterside thermocouple and that the exit, mixed- 
mean water temperature was not used. This is 
a somewhat crucial point, of course. The im- 
portance of mixing was discussed in Sec. III of 
the last issue of Power Reactor Technology. 
Reference 17 contains the results of burnout 
experiments that were run with a test section 
which had a cross section as shown in Fig. II-5. 
This test section is, of course, a mockup of a 
rod bundle, at least of the central and surround- 
ing rods. The inner and outer walls could be 
heated independently, and the data plotted in 
Fig. Il-5 are for gexterior both zero and finite. 
The heated exterior walls apparently act like a 
film tripper and promote transfer of liquid from 
the walls to the central rod. The improvement 
in ġo caused by heating the exterior wallsis of 
the same order of magnitude as that obtained!? 
by placing washers on the unheated (outer) flow 
tube in annular geometry. Reference 18 was re- 
viewed in Power Reactor Technology, 6(3): 10. 
The beneficial effect on dso of bilateral heating 
has also been observed in annular geometry. 
The following is quoted from Collier!’ (page 16): 


The Italian ... and Swedish ... experiments with 
annuli heated on both walls have indicated that the 
heating of the external surface of the annulus causes 
an increase in the burnout heat flux value of the in- 
ner surface at the same nominal channel exit con- 
ditions ... The increase appears to be proportional 
to the value of the heat flux applied to the secondary 
surface. 


Burnout Correlations for Net Boiling: 
Tubular Geometry 


The correlations of interest for the net boil- 
ing region are those of Kon’kov and Modnikova,?? 
Ivashkevich,21,22 and Shitsman.25 Also included 
for comparative purposes is a recently devel- 
oped correlation by British experimenters Lee 
and Obertelli.”4 

The Kon’kov and Modnikova correlation is 
quite a specialized one, dealing with the phe- 
nomenon of the deterioration of heat transfer 
during the flow of a steam-water mixture in 
vertical, tubular test sections. The original ar- 
ticle (or translation) should be consulted for 
details on this phenomenon, but, briefly, it in- 
volves the breaking-away of the film of water 
on the internal surface of the tube during an- 
nular flow. The following quotation serves to 
define this phenomenon more fully.”° 
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... the wall temperature is initially almost con- 
stant and only differs by a few degrees from the 
saturation temperature. When the steam content 
reaches a certain level, the wall temperature rises 
sharply, reaches a maximum and then falls, the 
magnitude of the maximum rise being a function of 
the flow rate, the specific heat load and the pres- 
sure. The reduction in the wall temperature after 
the maximum is apparently to be explained by the 
increase in the flow rate as a result of the evapora- 
tion of the liquid phase in the flow. 

In contrast to the experiments with film boiling, 
where as a rule very large temperature jumps oc- 
cur and the destruction of the tube makes it impos- 
sible to determine the maximum temperature, in 
our present experiments the temperature jumps 
varied from t = 25°C to ¢ = 300°C. 


The correlation is as follows: 
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The units employed in Eq. 7 have been defined 
in Table III-2 with only a few exceptions. The 
term d is the diameter of the tube, and Pr;,,,,; 
is obvious. The term Reig is called the 
“Reynolds number for the liquid film, on the 
assumption that -the liquid phase is flowing 
wholly along the surface of the tube”: 


M(1 — Xmean) t” 
nelle ü T dinternal v’ S 
where M = flow rate (mass of steam-water mix- 

ture, kg/hr 

y= 1/y', m*/kg 

u! = kinematic viscosity of saturated 
water, m’/hr 


The term x, is the quality at which the deterio- 
ration of heat transfer takes place, and, if %mean 
(which is not defined in either translation cited 
as Ref. 20) can be taken as xç, then Eq. 8 be- 
comes 


Re jiguid = 4 


(9) 


Exterior Walls Heated 


Exterior Walls 
Unheated 


=4:5 -1.O -05 O 


SEF/108, Btu/(hr)(sq ft) 


Fig. HI-5 SEF plot of data of Alad'yev and Dodonov. Data taken from Table 2 of Ref. 17. Pressure = 
1421 psia; dexterior = heat flux impressed on scalloped flow tube; Bo = burnout heat flux for center 


rod; and G = 0.6 x 108 1b/(hr)(sq ft). 
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Table III-5 VALUES OF x, PREDICTED BY 
KON'KOV-MODNIKOVA CORRELATION 


Mass flow, 


Ib/(hr)(sq ft) xp 1b/lb 





Pressure = 2000 psia 


0.5 x 106 0.27 
1.0 x 108 0.21 
2.0 x 10° 0.18 


Pressure = 1000 psia 


0.5 x 10° 0.66 
1.0 x 108 0.45 
2.0 x 10° 0.32 


where pu’ equals v’y’. The units on M are not 
given in Ref. 20, and in fact the translations 
show this symbol as G; the units for M were 
derived by the present author to make the 
Reynolds number of Eq. 8 dimensionless. 

Equation 9 was substituted in Eq. 7, and values 
of x, were calculated by trial and error for 
various pressures and values of W. These are 
shown in Table III-5. 

The phenomenon of disruption of a thin liquid 
flowing in the annular regime has been discussed 
in Ref. 25, which was reviewed in Power Reac- 
tor Technology, 5(2): 17-18. What appears to 
correspond to the values of x, for an internally 
heated annular test section appear in Table II-7 
of that issue of Power Reactor Technology, and, 
in general, they are somewhat lower than the 
values shown in Table III-5. In any case the 
values shown in Table II-5 are considerably 
higher than typical qualities used in boiling- 
water reactors designed in the USA, although 
they are about right for exit qualities from pro- 
posed fog-cooled reactors. The Russian experi- 
ments were done with both steam-water mix- 
tures or water alone fed to the test section, and 
the following conclusion was reached:?° 


... No effect on the conditions of deterioration of 
heat transfer could be detected as a result of the 
different methods. 


The correlations of Ivashkevich?!”? allow for 
nonuniform heating of the test section, but the 
present discussion will be restricted to the form 
applicable directly to uniform heating.*! The 
correlation is as follows: 


qc 
r* gy)” [o 7 — y") 


1.9 x 10 5 Re 


=I +1.8 x10 f [k +K) +K] R, °° 
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isat 1 
where Ko = — 


Pa W 
k, = h ( r) 








g 
K, = 1,/d 
w c N d fy- "y _ 
= — | —— = | — — — > 1 
Regler) "eg s) 
a Y 
eee: when (X x) < 1 
2y’ 2 o 
y* = y (1 — x) for x > 0 


y* = [1 + À (isat — ¿e)/ r] for T, < Tsat 


A = 1 + 0.065 (y /y”)°:5 


The preceding units are consistent with those 
given in Table III-2. Two of the terms not yet 
defined are i, and T,, which are the enthalpy 
and temperature, respectively, of the liquid at 
the center of the stream. Thus, for net vapor 
generation, ic = isa and K, is zero. The term l, 
is defined as the “distance between section at 
which surface boiling begins and section under 
consideration ...,” and l, is the “... distance 
between section at which x = 0 and section under 
consideration ...” The only other term open to 
question is w. In Ref. 22 this is termed the ve- 
locity of the liquid, and in Ref. 21 it is termed 
the velocity of flow. For purposes of this re- 
view, the term w will be set equal to W,/y’. 


am W CAP Correlation 
a we lvashkevich Correlation 


=æ + = DNB -! Doto, Fig II -6, 
PRT, 7,4. 


G/108 = 4.0 


O 
wo 


Bo /106, Btu/(nr)(sq ft) 





SEF/10, Btu/(hr)(sq ft) 


Fig. HI-6 Comparison of correlation of Ivashkevich 
(Eq. 10) with the WCAP correlation (Table III-6). 
Pressure = 2000 psia. Also shown are DNB-1 data 
from Fig. IlI-6, Power Reactor Technology, 7(1): 18. 
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The constant K; has an upper limit of 50 and 
is related to the velocity profile. The constant 
involves a determination of the position where 
subcooled boiling is initiated. Fortunately for 
runs employing net steam generation over only 
a few inches of test-section length, the value of 
50 is quickly achieved. The constant K,is the 
ratio of the boiling length to the test-section 
diameter. This ratioT can be shown to be 


La /D = SEF/4% (11) 


For the moment attention is restricted to the 
net quality regime where 


y* = r(1 — x) (12) 
and to tubular test sections with an internal 


diameter of 0.18 in. At pressures between 1000 
and 2000 psia, the parameter 


d u pA as 
2 C 


exceeds unity; the value of Reynolds number is 
as follows: 





W. 
Re = 5, Í 


yu y’ = y’ 


=>) (13) 
Substitution of physical property data, a value 
of 50 for Ks, and Eqs. 11 to 13 into Eq. 10, and 
rearranging,t yields Eq. 14 at a pressure of 
2000 psia, 


bao = 2288096 = (1.15 x 1074 + 1.647 x 10 G) SEF iaj 
a 0.1907 + 3.294 x 10“!G 


+The heat balance across a uniformly heated test 
section can be written as follows: [See Fig. I0-1, 
Power Reactor Technology, 7(1), for nomenclature.] 


$ - (x, Hy, + Hy — Hin) = [SEF + G (H; — Hin)! 
Therefore 
Hy ~ Bin = BG 
if Hin = Hy, L = Lg. Hence 
ep OPE 
D 4¢ 


tThe system of units in Eqs. 14 and 15 is British. 
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and Eq. 15 at a pressure of 1000 psia, 


_ 1.484G — (2.285 x 102 + 2.385 x 10 G) SEF 


80 0.233 + 4.77 x 10 “1G 


(15) 


Equations 14 and 15 have been plotted in Figs. 
III-6 and HI-7. Also plotted in these figures 
is the so-called “WCAP correlation” in the 
form used in Power Reactor Technology, 7(1). 
Another comparison is in Table III-6. 


When Figs. IH-6 and HI-7 are considered, it 
is important to remember that the burnout cor- 
relations illustrated are equations, and that 
actually very few burnout data exist at high 
SEF’s such as those in the vicinity of the inter- 
sections of the correlations with the SEF axis. 
The reason for this is probably best explained 
by considering Eq. 11. If one attempts to ex- 
plore the region around an SEF of 5 x 10° and a 
Pro of 0.5 x 10° (see Fig. III-7), then Ls/D must 
be equal to 250. Not many test sections employ- 
ing only single-phase water as feed have been 


WCAP Correlation 
æ æ æ [vashkevich Correlation 


G/IOS = 4.0 


$—0/10®, Btu/(hr)(sq ft) 


Best Fit Curve, 
Fig.I -12, 
PRT,7,1. 





SEF /10®, Btu/(hrXsq ft) 


Fig. HI-7 Comparison of correlation of Ivashkevich 
(Eq. 10) with the WCAP correlation (Table HIHI-6). 
Pressure = 1000 psia. Also shown is the curve from 
Fig. I-12, Power Reactor Technology, 7(1): 22. 
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operated with such a large value of L;/D to 
produce DNB-1 data. In particular, Tables 13 
and 23 of Ref. 9 contain data taken with test 
sections that had values of L7/D of 365 and 242, 
respectively. The data shown in Table 13, how- 
ever, were taken in the subcooled region, 
whereas the data in Table 23 plot as DNB-2 
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of Eq. 11 into Eq. 16 yields the equations shown 
in Table IHI-7. Figure IH-9 illustrates Eqs. 18 
and 19 and compares them with data previously 
cited in Sec. II of Power Reactor Technology, 
7(1). The Shitsman correlation reproduces the 
illustrated Ref. 9 data quite well at a diameter 
of 0.18 in., but the dependence of ġo on diame- 


Table II-6 COMPARISON OF WCAP BURNOUT CORRELATION 
WITH THE CORRELATION OF IVASHKEVICH 


Mass flow (G), 
lb/(hr)(sq ft) 


WCAP* correlation 


Ivashkevich correlation 


Pressure = 2000 psia 


ogo = 1.02 x 10% — 0.0034 SEF 
ogo = 1.41 x 10° — 0.0024 SEF 


Pressure = 1000 psia 


1.0 x 106 ogo = 1.12 x 10$ — 0.0042 SEF 
4.0 x 106 po = 1.47 x 10° — 0.0042 SEF 
1.0 x 108 opo = 2.07 x 10 — 0.0042 SEF 
4.0 x 10° Öpo = 4.09 x 10° — 0.0042 SEF 


po = 2.09 x 10° — 0.0074 SEF 
dpo = 2.77 x 108 — 0.0055 SEF 


*These are taken from Fig. III-11 and Table HI-2 (bottom equation) of Power Re- 


actor Technology, 7(1). 


curves. The reader’s attention is directed to 
Fig. I-12, which will be discussed later. The 
data shown thereon were taken in a tubular test 
section with a total length-to-diameter ratio, 
L/D, of about 151. At the high mass velocities 
employed for some of the experiments, it canbe 
seen that the DNB-1 line eventually becomes 
about parallel with the x axis as SEF increases. 
This behavior is not predicted by either the 
WCAP or Ivashkevich correlations, but then 
neither is the existence of the DNB-2 lines such 
as are shown in Fig. II-6, Power Reactor Tech- 
nology, 7(1). 


The correlation by Shitsman”® 


is as follows: 
q./49 = 1/[1 + K(Ls/ D)°-8] (16) 


where q, = critical heat flux, kcal/(m?”)(hr) 


K = 2.2 D®:® exp e (17) 


Perit 
DF 


Pax = Critical pressure, kg/cm’ 
P = system pressure, kg/cm? 
Lp = boiling length, m 
D = tube diameter, m 
qo = constant, kca1l/(m2)(hr) 


Values of the constant q are given in Ref. 23 
as a function of pressure and mass flow. These 
data are reproduced in Fig. III-8. Substitution 


Table II-7 SHITSMAN BURNOUT CORRELATIONS 


[Pressure = 1000 psia, and q; Is Taken as 
6 x 10° kcal/(hr)(m?)] 


Tube diameter, 
in./mm Correlation* 
6 
0.18/4.57 jee 2.21 x Lot = ii 
1 + 0.0282 (SEF) 
Bo 
6 
0.32/8.13 dp 2.21 x 10 


— aana (19) 
1 + 0.0448 (5) 
Bo 


*Units on ¢ and SEF are Btu/(hr)(sq ft). 


ter as given in Eq. 17 does not agree with the 
data as the quality (or SEF) approaches zero. 

The Lee-Obertelli correlation is given as an 
appendix to Ref. 24. It is as follows: 





0.546 H —2 e70-00165L/D 
10 = ; + {1 BO Žo 
qBo/10 = 0.45 Í: airy) (=) 0.77+12p CO 


The units are straightforward and are in terms 
of British thermal units, pounds, hours, and 
feet. The heat balance across the test section 
can be written as follows: 


4 
Hexic = Hro = ESBE + (Hin — Hy) + Hy (21) 
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+*!O% Data Limits 


Lee -Obertelli 
Correlation 


Qo, kcal/(m2)(hr) x 1078 


Pao / 108, BtuAhrXsa ft) 





O 50 {00 150 200 250 


Pressure, kg/cm? 





Mass flow, | O | š 2 3 
Mass flow, lb/(hr)(sq ft) SEF /IO , Btu/(hr)(sq ft) 
Curve kg/(sec)(m2) x 106 
Fig. HI-10 Comparison of the Lee-Obertelli corre- 
0 500 0.37 lation24 with data taken from Fig. III-12, Power Reac- 
e 1000 0.74 tor Technology, 7(1): 22. Pressure = 1000 psia. 
© 2000 1.47 
© 3000 2.21 = 
© 4000 2.95 
=093 Fig. I -12 
5000 3.68 
© = PRT, 7;! 
Data from D= 018" 
Fig. III-8 The functional relation between the con- 2.0 Ref. 24 f= 24" 
stant q; and pressure. (Taken from Ref, 23.) | D= 022 
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Data from 
Ref. 26 


Shitsman Correlation 
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Bo 7106 , Btu/(hr)(sq ft) 
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pgo 108, Btu/(hr)(sq ft) 
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Fig. HI-9 Comparison of the Shitsman correlation?’ Fig. HI-11 
with data taken from Sec. III of Power Reactor Tech- 
nology, 7(1). Pressure = 1000 psia. 


Comparisonof data from various sources 
showing effects of length and diameter changes on 
go. Pressure = 1000 psia. 
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Table III-8 COMMENTS ON DATA PLOTTED IN FIG, III-11 


(Pressure = 1000 psia) 


Summer 1964 
Diameter, Length, 
Source in. in. 

Reference 24, 0.22 17.0 
runs 56 to 90 

Reference 26, 0.504 76.0 
runs C-1 to C-2 

Reference 26, 0.93 77.62 
runs B-1 to B-49 

Reference 26, 0.93 24.0 
runs D-1 to D-38 

Reference 26, 1.475 76.88 
runs A-1 to A-47 

Reference 27 0.32 (av.) 24 

Reference 27 0.49 (av.) 24 


* These data are taken from Fig. III-11. 
t Upper limit on G was about 2 x 10°, 


Substitution of the second equation in the foot- 
note on page 230 for Hin — Hy yields 


SEF 
Hy = Hy +—— (22) 


If Eq. 22 is substituted in Eq. 20, rearrange- 
ment yields 


dno = 9:45 x 1012 (G? + 0.546 x 10°G) f(D,L /D) oa 
s. G2Hf + 2(GH,) (SEF) + SEF? 


where 


e70-00165L/D 


0.77 + 12D (24) 


f(D,L/D) = 


Equation 23 is plotted in Fig. I-10 for a pres- 
sure of 1000 psia with /(D,L/D) taken as 0.95 
(the value of 0.95 is an average of the f values 
for the dimensions of the test sections used to 
obtain data in Tables 3, 5, and 8of Ref. 9). Also 
plotted are the data-limit lines taken from an 


Effect of G on 
DNB-1 line position 
on SEF plot 


ġo at SEF = 0, 
Btu/(hr)(sq ft)* 


None for 


0.7 x 10 < G < 3 x 10 1.99 x 10Š 


Some effect for 
5.5 x 10% < G < 10 x 106 
None for 


0.7 x10 $ < G <4 x 108 1.18 x 106 


None for 


0.5 x10 f <G < 4 x 106 1.01 x 108 


Some effect for 
0.5 x 10% < G < 1 x 105 and 
5.5 X10 < G < 7 x 10 
None for 


1.4x10°<G < 4 x 105 1.12 x 108 


Some effect for 
0.7 x10$ <G <1 x 108 
None for 


1.4 x 10 < G < 4 x 108 0.91 x 108 


None fort 


1.2 x 106 < G < 1.9 x 10° 1.66 x 106 


Some etfect for 
G = 0.5 x 10° 
None fort 


1 x 105 < G < 2 x 105 1.44 x 108 


earlier Power Reactor Technology article. The 
correlation predictS @soquite well. The effect 
of G shown by the correlation is approximately 
within the +10% scatter of the experimental data 
plotted in Fig. IH-12, Power Reactor Tech- 
nology, 7(1). The correlation is somewhat under 
the experimental data, but the authors mention 
that the correlation (in the form given by Eq. 
20) also underpredicted so for their own data 
at a diameter of 0.22 in. and total lengths of 8.5 
and 17 in. 


The /(D,L/D) function is very interesting, 
and its application is one of the few where 
such a correction has been attempted. Accord- 
ingly an attempt was made by the present au- 
thor to ascertain its accuracy when applied to 
other data, since the Lee-Obertelli correlation 
was developed by the authors from their own 
data by modifying a correlation presented in 
Ref. 9. The data that were used for compara- 
tive purposes are shown in Fig. HI-11 and 
Originate from the sources indicated in Table 
IlI-8. This table shows that there is a wide 
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Fig. HI-12 Burnout heat-flux data from Ref. 26. 
Pressure = 1000 psia. Test-section length is 76 in. 
Test-section diameter is 0.504 in. (tubular). 
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range of mass flow, G, over which the position 
of the DNB-1 line is independent of G. The range 
is roughly from 1 x 10° to 4 x 10° Ib/(hr)(sq ft). 
This G-independent range is illustrated in Fig. 
IlI-12 for one of the test sections used to take 
data appearing in Ref. 26. A variation of G/10° 
between 0.7 and 4.0 affects the position of the 
DNB-1 line within +10% as G/10° is increased 
to a value of 10.0, the position of the DNB-1 
line is affected markedly. Figure I-11, there- 
fore, is a collection of the G-independent DNB-1 
curves. The intersection of these DNB-1 lines 
with the SEF-equals-zero axis yields a value 
termed Qposrzr=o and these values are shown in 
Table I0-8. 

If, in Eq. 23, SEF is taken as zero, then %sc 
becomes a function of f(D,L/D) and, according 
to the correlation, of G. What we have just done, 
however, is assemble some data where go is 
not a function of G within certain ranges, and 
let us pretend that the Lee-Obertelli correla- 
tion says this, i.e., 

Pposer=9 = /(D,L/D) x (constant) (25) 
The comparison of the Lee-Obertelli /(D,L/D) 
term with the burnout data shown in Fig. I-11 
is illustrated in the last two columns of Table 
IHI-9. The f term correlates the data, at least 
at SEF = 0, to within +10%, which is about the 
spread in ġo anyway. 


Discussion and Conclusions 


Figures III-1 and III-2 show that, if the cor- 
relation of Zenkevich were extrapolated into the 


Table HI-9 APPLICATION OF THE LEE-OBERTELLI /(D,L/D) TERM 
TO DATA APPEARING IN REFERENCES 9, 24, 27, AND 26 


Test-section 


Test-section 


diame 


(D), in. 


ter 


f(D,L / D) 


0.940 


0.889 


0 404 


U. S6 1 


PBO 
at SEF = 0, È BOSEF=0 Q BOsgF=n 
Btu/(hr)(sq ft) /(D,L /D) JID L/D) hoy. 

2.20 x 10° 2.33 x 10° 0.11 
1.99 x 10° 2,24 x 10° 0.07 
1.18 x 10° 1.93 x 10° -0.08 
1,01 x 10° 1.97 x 10° —0.06 
0.91 x 108 2.22 x 108 0.06 
1.12 x 10° 1.99 x 10° —0.05 
1.66 x'105 2.05 x 10° —0,02 
1.44 x 10° 1.97 x 10° —0.06 
PBOSEF=( 2.09 x 108 
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quality range, it would agree fairly well with the 
DNB-1 data plotted thereon from Ref. 9, es- 
pecially at 2000 psia. Zenkevich did use a few 
data that now appear in Ref. 9, and it is of in- 
terest to speculate whether Ref. 9 was available 
in the Soviet Union when Zenkevich was deriv- 
ing his correlation. If it was, the “agreement” 
may be less significant. The remaining correla- 
tions shown in Fig. III-3 illustrate the confusion 
arising from lack of inclusion of a term dealing 
with a length and diameter effect on po- If the 
data, taken with the exterior walls heated, were 
plotted from Fig. IHI-5 to Fig. III-3, they would 
lie above even the correlation of Ornatskii and 
Kichigin. Again this is believed to be the result 
of working with a short test section. 

The agreement between the correlations of 
Ivashkevich and WCAP is rather remarkable 
and illustrates the utility of an SEF treatment 
for comparing rather difficult correlations. At 
2000 psia (Fig. II-6) both correlations do well 
with respect to the Ref. 9 data that were plotted; 
at 1000 psia (Fig. III-7) both correlations do 
less well. This might be because the functional 
form of the correlations was developed from 
the 2000-psia, or at least the relatively higher 
pressure, data. 

The correlations of Shitsman and Lee- 
Obertelli are in rather good agreement for a 
tube diameter of 0.18 in. (Figs. III-9 and III-10), 
although the diameter effect predicted by the 
former correlation is not correct at SEF’s 
approaching zero. Shitsman predicts no effect 
of mass flow on burnout for pressures between 
about 70 and 100 kg/cm? (Fig. III-8), and this is 
substantiated by data plotted in Fig. I-12, 
Power Reactor Technology, 1(1). The f(D,L/D) 
term suggested by Lee-Obertelli to account for 
the effect of these variables on ¢,, is quite 
good, as is evidenced by the last column of 
Table III-9. 
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lV Fuel Elements 


Power Reactor Technology 


Fabrication by Novel 
Methods 


The oxide-bearing fuel elements in currently 
operating water-cooled power reactors have 
all been fabricated by the technique of loading 
pressed-and-sintered pellets of UO, into clad- 
ding tubes and welding end caps onto the ends 
of the tubes for sealing purposes. Research has 
continued, however, into alternate methods of 
fabricating fuel elements, and the purpose of 
this review is to discuss several recent publi- 
cations dealing with these novel methods. For 
supporting background information the reader 
may wish to consult the following articles pub- 
lished in Power Reactor Technology, 6(1): 26- 
37 and 6(2): 28-42. 

References 1 through 3 are recent Battelle 
Memorial Institute reports concerned with fab- 
rication details of several different fuel ele- 
ments. The references report on work done to 
develop fabrication techniques for producing 
low-cost fuel elements of specific types. As 
such, applications to specific reactors are not 
discussed; the work, however, is of general 
interest because of the variety of fabrication 
methods studied. Of the two elements described 
in Ref. 1, emphasis herein will be placed on 
the so-called “concentric-component” element, 
as this was the most successful. The concentric- 
component element is of tubular geometry and 
employs a UO,-—stainless-steel cermet as 
“meat,” clad on both sides with stainless steel. 
The core materials were 20 and 30 wt.% load- 
ings of —325-mesh, spherical UO, particles in 
a matrix of —325-mesh, type 316 stainless- 
steel powder. The cladding material was 0.006- 
in. type 316 stainless steel, and the end plugs 
were also made of type 316 stainless steel. 

Attempts were made to incorporate a plastic 
binder into the core material to allow for 


forming or extruding into a tubular shape, but 
the final elements were made by the loading of 
loose powder into the annular space formed 
between the concentric stainless-steel cladding 
tubes. As-loaded densities from 50 to 60% were 
attained. Tamp packing, powder wetting after 
partial loading, vibrational packing, and step 
packing with periodic thermal cycling of the 
tubes were studied to try to attain a uniform 
loading density. 


When loading was completed, a consolidation 
and bonding step was accomplished. This was 
designed to densify the fuel cermet, size the 
fuel element, and form a bond between the meat 
and the cladding. Three processes were con- 
sidered: (1) explosive compaction, (2) cold hy- 
drostatic pressing, and (3) gas-pressure bond- 
ing. These processes were employed either 
singly or in combination. Figure IV-1 shows a 
schematic view of an assembled specimen ready 
for implosive consolidation. In this process a 
sheet of explosive (PETN) was wrapped around 
the outside jacket and detonated in a housing 
submerged in a tank of water. The mild-steel 
jackets were then removed by an acid bath. 
Experiments were also done using a backup die 
with the explosive charge (Primacord) placed 
inside the tube. A mild-steel insert was used 
between the specimen and the explosive to 
Smooth out the shock wave. 


Cold hydrostatic pressing was accomplished 
at 100,000 psi. No mandrels were necessary 
because the outer tube yielded before the inner 
cladding tube, and densification of the meat took 
place from the outside in. The gas-pressure 
bonding was done at 2100°F and 10,000 psi for 
3 hr. 


Test elements of lengths 6 and 10 in. were 
made by combinations of the above-discussed 
fabrication techniques, and full-scale elements 
having an outside diameter of % in. anda length 
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of 27 in. also were fabricated. The conclusions 
are quoted! as follows: | 


(1) Tubular fuel elements approximately 4 in. in 
diameter and 27 in. long can be fabricated by the 
assembly, consolidation, and bonding of concentric 
components. 

(2) These elements possess dense fuel cores and 
almost complete core-cladding bonding when ex- 
plosively sized and gas-pressure bonded. 

(3) Additional study is needed to optimize the 
blending and loading procedures to insure a uniform 
dispersion of UO, in the stainless steel matrix and 
toachieve a uniform loading density along the length 
of the elements, which later influences the surface 
condition of the bonded elements. 

(4) A densification step after powder loading is 
needed to attain sufficient density in the fuel annu- 
lus to prevent wrinkling of the outside cladding 
during pressure bonding of the element. 


References 2 and 3 deal with fabrication 
techniques applicable to the production of UO,- 
fueled rods. Specifically, the work was done as 
a part of the USAEC Fuel-Cycle Development 
Program. Reference 2 describes a fabrication 
technique that is a combination of vibrational 
compaction and gas-pressure bonding. The fuel 
material was UO,, consisting of high-density 
particles of coarse sizings mixed with varying 
amounts of micronized UO,. The latter material 
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is a powder prepared by a fluid jet-grinding 
process to reduce the particle size.‘ The coarse 
particles included fused, high-energy-impacted, 
and electrodeposited oxides. The cladding ma- 
terials included Zircaloy, types 304L and 406 
Stainless steel, and Inconel X, with cladding 
thicknesses varying from 0.007 in. (304L) to 
0.030 in. (Zircaloy). 

Some results of the program are given in 
Table IV-1. An improvement was achieved by 
the use of an intermediate swage to increase 
the prebonded density to the point where pleating 
and surface roughening would not occur during 
the gas-pressure bonding step. The effect of 
intermediate swaging is shown in Table IV-2. 
To summarize: 


The swaging operation was found to be particu- 
larly advantageous in the aforementioned work and 
its combination with vibrational compaction, using 
inexpensive vibrational equipment and pressure 
bonding may be advantageous although somewhat 
more involved. These studies have shown, however, 
that gas-pressure bonding following a single-step 
preliminary densification by vibrational compaction 
is feasible. The requirements for fabricating stain- 
less steel-clad UO, rods by the combined processes 
are: 

(1) Oxide mixtures of fused and Micronized UO, 
in which the high-surface-area Micronized UO, 
constitutes approximately 30 to 40 w/o 


Type 346 S.S 
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Schematic of assembled specimen for implosive consolidation. 
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! Explosive sheet is 


wrapped around the outside jacket to the desired charge density, and the fuel annulus is densified 


from the outside in. 
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45 Hastelloy X(Q232 O.D. x 0.020) 

or 
15 Inconel (0.232 O.D. x 0.030) Steam 
Tubes Equally Spaced on 2.025 Dia. 






Outer Water Shell 
2.638 1D x 0020 


Inner Water Shell 
4.375 OD x 0.020 


Vibratory-Compacted 
UO2 


Fig. IV-2 Cross section of anannular multitube ele- 
ment.” In the particular application envisioned in 
Ref. 5, water is boiled on the inner and outer cladding 
surfaces,and steam is superheated within the steam 
tubes. 


(2) A maximum fused UO, particle size of minus 
20 plus 35 mesh and uniform bulk densities of 75 per 
cent of theoretical or greater 

(3) A pressure-bonding cycle consisting of pres- 
surizing to approximately 6,000 psi prior to heating 
to 2100 F and holding for 3 hr at 2100 F and 10,000 
psi. 


The reference’ concludes with a discussion 


of the effect of pressure bonding on the cladding. 

Reference 5 describes developmental work 
leading to the fabrication of an “annular multi- 
tube fuel element.” A cross section of the 
element is shown in Fig. IV-2. The element is 
quite specialized, in that it was designed to be 
used with an integral boiling-superheating re- 
actor. Fuel elements for steam-cooled reactors 
have been discussed in Power Reactor Tech- 
nology, 6(2): 75-80. The small tubes serve as 
flow channels for steam, whereas boiling takes 
place on the external and internal heat-transfer 
surfaces of the annulus itself. The element 
represents the application of vibrational com- 
paction to the fabrication of a fuel element of a 
relatively complex shape. 

The fuel powder used was vacuum-outgassed 
arc-fused UO, having a particle density greater 
than or equal to 98% of theoretical. Several 
blends were tried, but the final experiments 
were done with powder that was 60% %⁄ mesh, 
15% Wia mesh, and 25% 200 mesh. The fuel 
subassembly ready for loading is shown in 
Fig. IV-3. Details for the welding ofthe various 
tubes into the bottom tube sheet are given in 
the reference5 but will not be discussed here. 
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The assembly at the top is not part of the fuel 
element proper but was utilized to ensure that 
the steam tubes retained their proper relative 
positions with respect to each other and to the 
internal and external cladding tubes. The ten- 
sion rods (carbon steel) were inserted through 
the steam tubes and held in tension by tighten- 
ing the locknuts. The center column absorbed 


Fuel Bushing Tube 











Lock Nuts 


Bonnet 


Axial Stop 






UOe 
Container 


Loading Funnel 


Center Column 


Vibrator Stand 


Vibrator 


Fig. 1V-3 The UO, fuel loading of multitube shell 
subassembly.” 
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the load developed by the tension rods and 
provided the basis for straightness of the whole 
subassembly. 

The maximum density attained during the 
compaction step was 84.3% and was accom- 
plished by dividing the fuel charge into eight 
equal increments. Dimensional inspection indi- 
cated that the small tubes were within +0.030 
in. from their intended axes. The ovality of the 
outside cladding was reduced from about 0.020 
in. initially to about 0.010 in. after compaction, 
and the assembly had a runout of about 0.010 in. 
along the 36-in. fuel length. The upper end 
closure of the fuel element is peculiar to the 
boiling-superheating function and will not be 
discussed here. 

The fabrication of fuel rods clad with Al- 
Al,O; [sintered aluminum powder (SAP)] is de- 
scribed in Ref. 6. Fuel elements clad with SAP 
have potential application in organic-cooled 
reactors; the reader may wish to consult Sec. X 
of this issue for a discussion of organic-cooled 
heavy-water-moderated power reactors. The 
cladding material, SAP 930, was in the form of 
8-finned tubing and is shown in Fig. IV-4. A 
magnetic-pulse forming machine,® the Magne- 
form Mark I, was used in the fabrication 
process. 


The operation of Magneform is based upon the 
discharge of electrical energy from a capacitor 


0.030" 


| | -cose 


—— 0.513" 


Fig. IV-4 Cross-sectional dimensions of SAP ex- 
truded tubing. 
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Table IV-3 SPECIFICATIONS FOR MAGNE FORM 
MARK I MAGNETIC-PULSE FORMING MACHINE’ 
Power consumption 220 volts, 60 cps, single 
phase, 1500 watts 
(maximum average) 


Maximum energy released 6000 joules 
per pulse 

Maximum input current 90,000 amp 
to work coil 

Maximum pulse rate at 10/min 


maximum power 


Operating-level control Continuously adjustable 


Maximum pressure on 4 x 105 l 
workpiece Work area, sq in. ps 
Time of applied pressure 10 to 100 usec, depending 


on coil and workpiece 


Work-coil Work-coil 
application size 
Swaging 4- and 6-in. in inside 
diameter (with cor- 
responding field 
shapers) 
Expanding 1 in. in outside diameter 
(minimum) 
Flat forming 3- and 6-in.-diameter 


‘pancake’ coils 


bank through a coil. The collapsing magnetic field 
causes eddy currents to be induced intoa conductive 
workpiece placed in, around, or near the coil. This 
results in a repulsive force between the coil and 
the workpiece due to the interaction of their mag- 
netic fields, in accordance with Lenz’s law. Vari- 
ous forming operations are possible depending on 
the location of the coil with respect to the work- 
piece. For example, coils may be selected for 
swaging and expanding of tubular shapes and form- 
ing all sheet materials. Coils for magnetic pulse 
forming must be rigidly constructed to withstand 
the force equal and opposite to that exerted on the 
workpiece. 


The specifications for the machine are given 
in Table IV-3. 


The study of magnetic swaging was initiated to 
develop techniques for producing fuel rods with 
cladding-to-fuel contact in order to improve 
heat transfer between the fuel and cladding. A 
design of an organic-moderated reactor which 
is briefly mentioned in the reference specifies 
a fuel-to-cladding annulus of 0.0015 in. This 
was stated® to be difficult to obtain over the 
design fueled length of 96 in. because of diame- 
tral variations in the components, chipping of 
the fuel pellets, and internal galling of the 
Cladding. Various techniques were considered 
for collapsing the cladding onto the pellets, and 





Summer 1964 


the magnetic swaging was selected for investi- 
gation as the most promising. The swaging re- 
duces the fuel-to-cladding clearance to ap- 
proximately zero, which should produce a higher 
gap conductance than the 0.0015-in. annulus, 
but the reference states that little is known of 
the overall heat-transfer effect of having no 
clearance between fuel and cladding. 


Table IV-4 SIMULATED FUEL-ROD COMPONENTS 








Rod 1 Rod 2 Rod 3 
Pellet material Stainless Grade A Natural UO, 
steel Lavite 

Pellet diameter, 0.300 + 0.001 0.300 10.09 0.300 +900! 

in. 
Pellet length, in. 1.000 0.500 0.350 
Number of pellets 32 64 90 
Pellet column 

length, in. 32 32 31.5 
Tube length, in. 40 40 40 





Several simulated fuel rods were fabricated, 
and dimensional details are given in Table IV-4. 
Figure IV-5 shows the simulated fuel rod under- 
going the swaging step in the Magneform ma- 
chine. The operation was done at room tem- 
perature. Swaging of rods 2 and 3 (Table IV-4) 
took place in increments of % in., and swaging 
was extended about !⁄ in. beyond the ends of 
each pellet column. Rod 3 was filled with he- 
lium, sealed with hot, pressure-bonded alumi- 
num end plugs, and thermal cycled between 
350 and 900°F in a vacuum retort. No leaks 
were detected. The conclusions are as follows: 


It is concluded that magnetic pulse swaging is a 
feasible method of reducing the fuel-cladding annuli 
in APM-clad UO, fuel rods to essentially zero. 
Intimate fuel-cladding contact is retained after 
thermal cycling, and is believed to be a result of 
tensile hoop stresses remaining in the Magneformed 
cladding. 


Reference 7 gives comparative cost data for 
various processes used to fabricate fuel ele- 
ments for the General Electric High Power 
Density Development Project. This project was 
discussed in Power Reactor Technology, (1): 
34-42. The processes are as follows: 


Pellet Fuel 


Ground pellet, cladding-to-pellet gap of 4 to 9 mils 
Ground pellet, gap reduced by swaging 
Unground pellet, gap reduced by swaging 
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Compacted Powder Fuel 
Two-pass cold-swaged powder 
Three-pass cold-swaged powder 
Three-pass hot-swaged powder 
Tandem- rolled powder 
Vibratory-compacted powder 


Fabrication flow sheets are shown! for the 
various processes, and Fig. IV-6 illustrates 
the three-pass swaged-powder fuel method. 
The fuel-fabrication costs were those associated 
with the process from the receipt of tubing and 
fuel, through the fabrication of fuel segments, 
loading of rods into a fuel assembly, and packing 
for shipment. The bases for the cost figures 
are quoted as follows: 


... Costs are based on actual labor measure- 
ments made during semi-production laboratory 
fabrication of two and three-pass swaged powder 
fuel and swaged ground and unground pellet fuel. 
The unmeasured fabrication steps of the tandem 
rolling and the vibratory compaction processes are 
estimated based on laboratory fabrication experi- 
ence. 


Table IV-5 shows a breakdown for the labor 
for the three-pass cold-swaged-powder fuel- 
fabrication process. Similar tables are given 
for the other processes. Table IV-6 summarizes 
the various fuel-fabrication processes and their 
relative labor requirements. It must be re- 
membered that the cost of direct labor is only 
a portion of the cost of the final fuel element, 
even if the fuel rods fabricated by the various 
processes had identical in-core lifetimes. Be- 
Sides overhead charges on the direct labor, the 
cost of amortizing capital equipment must be 
included. Losses may also be an important cost 
consideration, and the unit fabrication cost in- 
creases with the enrichment of the fuel.’ 





Fig. IV-5 Swaging simulated APM-UO, fuel rod. 
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Interestingly, almost any fabrication process 
appears to be cheaper labor-wise than assembly 
of a ground pellet into a clad tube. Whether the 
less expensive processes can be used, however, 
depends on their in-reactor performance. One 
of the objectives of the High Power Density 
Development Project is to obtain in-pile per- 
formance data. Although a large number of fuel 
assemblies have been classed as failed,® the 
reasons for these failures do not appear to be 
known and may or may not be related to the 
various fabrication procedures used. 

The remaining reports deal with two fuel- 
element components, the cladding tubing and 
the end closures.”!® The importance of main- 


Qualification of Powder 
(Similar to Sinterability Test) 


END PLUG 


Accept Vendor Certification 
If Within Specification 


Incoming Arc-Fused UO, 
Weigh for Accountability 


Entry of Powder to Line Clean (Oakite) 










Screen Analysis 


Weigh Powder into Rod-Size Lots 
(+4 g) and Record Weight 


Load Powder (Syntron Shaker) 
Pack with Steel Wool 
Evacuate and Backfill 


with He 


Weld Second End Plug in Air 
-——— Weld Quolificotion 


Visual Weld Inspection 100% 
(To Ensure Minimum 360° Weld) 
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Sample Dimension Check 
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taining cladding integrity in an operating fuel 
element is obvious. The tubing evaluation pro- 
gram outlined in Ref. 9 had the following ob- 
jectives: 

1. Determine the influence of defects upon tubing 
burst strengths and thereby define an ‘‘acceptable 
defect.’ This information is necessary to establish 
an inspection procedure for tubing quality control. 

2. Determine the ‘‘expected defect level” of 
commercial tubing as indicated by ultrasonic test- 
ing techniques, thus allowing a correlation between 
the expected and acceptable defect levels. 

3. Determine tubing tensile properties at elevated 
temperatures and thus provide information appli- 
cable to fuel geometries desired for nuclear super- 
heat designs. 


INCOMING TUBING 
(*!/s— 0 Length) 


Accept Vendor Certificotion 
If Within Specificotion 


Somple Dimension Check 
Clean (Oakite) 

Press End Plug 

Weld Plug in Air 


--~-Weld Qualification 


Swage (3 ft/min) Three Passes (for hot swaging, an induction coil is utilized before the third pass) 


Length Check (+ !/, in.) 100% 
Diameter Check (Sample) 


Clean and/or Passivate 


Completed Fuel-Assembly Structure 


Assemble 
Rod-to-Rod Spacing Check 


Package 


Fig. IV-6 Three-pass swaged powder fuel.’ 
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Table IV-5 LABOR REQUIRED IN FABRICATING 
THREE- PASS COLD-SWAGED- POWDER FUEL! 


Labor man-hours / 


Process step pound of uranium 
Sample; weigh; crush; screen; 0.166 
weigh for accountability; blend 
Fuel transfer and accountability; 0.020 
clean tubing (ultrasonic); 0.101 


cut tube to length; press and 
weld first end plug 





Load, vibrate, and compact 0.140 
Helium backfill; press and 0.104 
weld second end plug 
Swage (3 pass) 0.164 
Check diameter and length 0.088 
Leak check 0.022 
Assemble 0.023 
Package 0.024 
Total process 0.852 


A number of feet of types 304, 316, and 316L 
stainless-steel tubing were purchased from 
several manufacturers. The tubes were subject 
to burst and tensile tests and given ultrasonic 
inspections. Since the tubing evaluation pro- 
gram was done in support of the Nuclear 
Superheater Development Effort, the burst and 
tensile tests were done at about 1300°F. The 
ultrasonic evaluation was done by. the immer- 
sion-ultrasonic method using equipment cali- 
brated to detect longitudinally oriented defects 
on the outer and inner wall surfaces of the 
tubing. The results of the ultrasonic evaluation 
are shown in Table IV-7. The conclusions of 
the study are quoted as follows:? 


1. Tubing defects which are 10 percent of the 
wall thickness or less do not significantly affect the 
location of tubing failures induced in a laboratory 
burst test apparatus. In other words, there is not a 
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direct correspondence between burst test failures 
and location of tubing defects if the defects are 10 
percent or less of the tubing wall thickness. 

2. Artificially defecting tubing to less than 20 
percent of the wall thickness does not affect the 
average burst strength but tends to reduce the min- 
imum in a group of data points. This may be ex- 
plained by the low probability of coinciding the de- 
fect with the weakest portion of the tube. 

3. Defects greater than 20 percent of the tubing 
wall will cause a reduction in the average ultimate 
tubing strength with the defect serving as the point 
of initial failure. 

4. Differences in tubing geometry, temper, and 
type material appear to have no significant effect 
upon the quality of the tubing as determined by 
ultrasonic methods. 

5. The average expected rate of occurrence of 
defects in commercial tubing is one defect in 22 feet 
of tubing for those defects greater than 5 percent 
of the wall, and one defect in 50 feet for those in 
excess of 10 percent. 

6. In view of the data obtained from this study, a 
realistic acceptance limit has been established for 
incoming tubing slated for fuel element fabrication. 
This limit (defects having a magnitude not greater 
than 10 percent of the wall thickness) can be used 
in tubing inspection practices where the ultrasonic 
technique is recommended. The cost penalty that 
such a specification may incur is expected to be 
minimum based on results obtained from a sampling 
of tubing purchased from representative qualified 
tube vendors using a variety of in-plant non-de- 
structive testing techniques. 


Reference 10 is somewhat specialized, dealing 
with end-closure development for the super- 
heater fuel rods for the Pathfinder reactor. 
The Pathfinder reactor is discussed in detail 
in Sec. VIII of this issue. The report does bring 
attention to bear on the many details that may 
be important in producing satisfactory fuel 


Table IV-6 RELATIVE LABOR REQUIREMENTS FOR VARIOUS UO, 
FUE L- FABRICATION PROCESSES’ 


Very large core 
(352,000 lb U), 


Large core 
(25,000 lb U), 


Process Man-hours/lb U man-hours/lb U* man-hours/Ib UT 
Tandem rolled 0.689 0.459 0.306 
Three-pass swaged powder 0.852 0.568 0.379 
Three-pass hot swaged powder 0.853 0.569 0.379 
Swaged unground pellet 0.972 0.648 0.432 
Two-pass swaged powder 0.978 0.652 0.435 
Vibratory compacted 1.026 0.684 0.456 
Ground pellet with gap 1.106 0.737 0.491 
Swaged ground pellet 1.172 0.781 0.521 


*A 33% labor and overhead decrease from the value shown in column 2. 
tA 33% labor and overhead decrease from the value shown in column 3. 
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Table IV-7 ULTRASONIC EVALUATION OF STAINLESS-STEEL 
TUBING—SUMMARY SHEET® 





Number of defects 





Wall Outside Quantity 
thickness, diameter, Type tested, Greater than Greater than Defects/ft 
Vendor in. in. material ft 5% of wall 10% of wall of tubing 
A 0.028 `À 304L 34 1 1 1/17 
A 0.028 YA 316L 36 1 1 1/18 
A 0.028 $A 304 22 0 0 0/22 
A 0.028 K. 316L 48 2 0 1/24 
B 0.028 1⁄4 304L 32 0 0 0/32 
A 0.016 %⁄ 304L 48 1 1 1/24 
A 0.016 YA 316L 42 0 0 0/42 
B 0.016 % 304 168 8 7 1/11.2 
A 0.010 3⁄ 304 36 1 2 1/12 
D 0.010 "he 304 48 3 1 1/12 
C 0.010 3⁄4 316 annealed 48 . 0 0 0/48 
C 0.010 YA 316 p hard 36 0 1 1/36 
C 0.010 3⁄4 3l6!4hard 42 0 0 0/42 
C 0.008 3⁄4 316 annealed 48 1 2 1/16 
C 0.008 % 316 ‘Ahard 18 0 0 0/18 
C 0.008 A 316 1 hard 54 0 0 0/54 


rods. The end-cap designs studied are shown 
in Fig. IV-7. The conclusions are quoted as 


follows: 


1. Design is one of the major considerations for 
welding components which have large mass differ- 


ences. 


Proper attention to heat balance of com- 


ponents at the design stage can mean the difference 
between a process which is hypercritical to pa- 
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Fig. IV-7 Schematic of modified end caps with im- 


proved heat balance. 
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rameter variation and one which provides a practi- 
cal latitude for production application. 

2. Weld puddle geometry and weld microstructure 
can be greatly improved with the proper use of 
chills on the fuel tube. An integral chill which 
rotates with the tube during welding is the mos: 
effective. 

3. Entrapped air or gas between the end plug and 
fuel can cause serious weld defects if heat buildup 
becomes great during welding. This can be mini- 
mized by venting, increasing weld speed or reducing 
the welding mass by end cap design. The most sat- 
isfactory method was found to be a combination of 
speed and design. 

4. Preheat and decay cycles change outer ap- 
pearances, but do not significantly affect weld pene- 
tration in the range studied ... in the case of this 
material and this geometry. 

5. Satisfactory welds can be made on Pathfinder- 
type fuel rods by using straight plug caps with vent 
holes, reduced shoulder caps or cup caps. The plug 
caps, however, are the most sensitive to welding 
parameters. 

6. Both the reduced shoulder and the cup-cap end 
closures are relatively insensitive to process vari- 
ations. From a design standpoint the reduced 
shoulder cap is most desirable for Pathfinder. 
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V Control and Dynamics 


Power Reactor Technology 


Conference on 
Noise Analysis in 
Nuclear Systems 


By M. F. Valerino 


On November 4—6, 1963, a symposium on Noise 
Analysis in Nuclear Systems was held at the 
University of Florida, Gainesville. The ob- 
jectives of the symposium were to define the 
present state of the art and to stimulate maxi- 
mum exchange of ideas and information through 
informal discussions. From the proceedings it 
was evident that the field of reactor noise anal- 
ysis has steadily grown to the point that routine 
noise measurements are now generally ac- 
cepted as part of power-reactor startup pro- 
cedures, although the results have not proved 
to be useful in all cases. Noise measurements 
have been made as part of the standard opera- 
tional analyses performed on such power reac- 
tors as the Saxton, Savannah, Consolidated 
Edison, Yankee, and Dresden reactors. From 
an overall consideration, it was apparent that 
much exploratory experimentation remains to 
be done in order to realize the full potentiali- 
ties of noise-analysis techniques. 


Data-handling systems have been developed 
for rapid acquisition and digitizing of the data 
for processing with digital computer codes. 
The use of commercially available electronic 
analyzers (on-line or off-line in conjunction 
with the tape-recorded noise fluctuations) have 
proved to be highly satisfactory in the analysis 
of the noise data. 


The fundamental soundness of noise-analysis 
techniques, from both the theoretical and ex- 
perimental points of view, has been amply 
tested by extensive measurements on numerous 
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zero-power reactors and subcritical assemblies 
whose dynamic characteristics are thoroughly 
understood. Hence a firm foundation exists for 
extension of present noise-analysis techniques 
to the study and physical interpretations of the 
variety of noise sources prevalent in reactor 
power-plant systems. The interacting dynamics 
of the numerous components of the reactor 
power-plant system, as ultimately reflected in 
the reactor through the various reactivity coef- 
ficients, result in an extremely complicated be- 
havior of the overall system which, in most 
cases, cannot be analyzed in terms of the indi- 
vidual physical processes involved. In general, 
the additional understanding obtained by ap- 
plication of current noise-analysis techniques 
and interpretations has been more qualitative 
than quantitative. This limitation reflects the 
existing limitation on the amount of useful in- 
formation contained in the noise signals which 
can presently be extracted and reliably inter- 
preted in terms of system kinetic parameters, 
however, it has not prevented the acquisition of 
useful results in a number of important cases. 
In several instances extrapolation of the results 
of noise measurements clearly indicated the 
reactor operating conditions for onset of insta- 
bility. In the Saxton power reactor, an empirical 
correlation was obtained between the area under 
a well-defined resonance in the power spectra 
and the fraction of the reactor heat-transfer 
surface over which nucleate boiling is occur- 
ring. This unexpected result demonstrates the 
fact that the full potentialities of noise-mea- 
Surement results are currently being realized 
as continued experimentation is under way in 
the application and further refinement of pres- 
ently developed methods. 

Development work on reactor noise analyses 
utilizing zero-power reactors and subcritical 
assemblies is continuing in several important 
areas. In particular, investigations of spatial 
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effects upon the noise measurements are cur- 
rently being emphasized, which involve con- 
siderations of such basic phenomena as neutron- 
wave propagation and the associated spatially 
dependent impulse and transfer functions. Sev- 
eral methods for generating neutron-source 
driving functions having a random or pseudo- 
random output are in various stages of practical 
development for use in noise experiments. A 
coordinated effort is presently under way to 
improve on the noise measurements for specific 
determination of reactor shutdown margin. 

The underlying principles of random-noise 
theory have been formulated on a sound math- 
ematical basis and are well documented in the 
scientific literature. Applications of the theory 
have been carried out in the fields of com- 
munication engineering, systems analyses, au- 
tomatic controls, meterology, etc. References 
1 through 12 represent a portion of the bibli- 
Ography on this subject. The recently published 
book Reactor Noise, by J. A. Thie,! presents a 
thorough and concise exposition of the funda- 
mentals of noise analysis and of the important 
reactor noise experiments performed up to 
1962. 

A brief review is presented herein of the 
papers given at the Conference on Noise Anal- 
ysis in Nuclear Systems. Abstracts of these 
papers are published in Ref. 13. Prior to the 
review, the general methods of noise analysis 
are briefly described to provide background 
information on the subject. For a comprehen- 
sive treatment of noise analysis, reference 
should be made to the literature, notably Thie’s 
book! (and references listed therein) for the 
specific application to reactors. 


Methods of Reactor Noise Analysis 


Analysis of a stationary random process is 
performed by means of various characteristic 
functions that describe in a statistical manner 
the regularity of the process. Repeated mea- 
surements of a stationary random process under 
identical conditions would reveal no apparent 
Similarity in the instantaneous variations (wave 
form) of the random function with time. How- 
ever, the characteristic functions calculated 
from the different wave forms would be closely 
similar (within a statistically defined preci- 
sion) and hence would reveal that the different 
wave forms were indeed member functions of 
the same stationary random process. Two 
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characteristic functions, which have proven to 
be highly useful in the analysis of random func- 
tions, are the autocorrelation function and the 
power spectral density. These two functions are 
determinable one from the other. In the case of 
two stationary random processes that are in 
some manner related to each other, the com- 
parable characteristic functions calculated from 
the two wave forms are the cross-correlation 
function and the cross power spectral density. 


AUTO- AND CROSS -CORRELATION 
FUNCTIONS 


Assume that x(/) is some frequency-rich ran- 
dom disturbance in some system variable, such 
as fission rate, control-rod position, coolant 
flow rate, coolant inlet temperature, or void 
density, which is being generated either intrin- 
Sically within the system or by some external 
source. Let ,(/) be the observed system re- 
Sponse signal, such as neutron level, coolant 
outlet temperature, or fuel temperature. The 
autocorrelation function of the measured output 
Signal is defined as 


1 7/2 
C,(T) = lim 7 L, v(t) y(t + r)dt (1) 


In practice, a finite number of data of total time 
duration T are treated. The data record is sub- 
divided by N equally spaced discrete points of 
time interval A/, where T = N At. The lag time 
T is then represented by a shift of m points (so 
as to equal m At) up to the maximum lag time 
Tm = M At, where M < N. It is evident that with 
this method of treatment the continuous data 
record is handled in a digitized manner over 
the finite time 7. The expression for the ap- 
proximation to the autocorrelation function de- 
fined in Eq. 1 is hence given as 


N--L 
At 





Cy (r) = EED (2) 


At j=l 


The autocorrelation function is a measure of 
the degree of correlation present in successive 
values of y(/). If the function is normalized to 
C,(0) = 1, strong correlation exists between the 
signal variations occurring at time interval 7 
apart when C,(rT)=1. Zero correlation exists 
when Cy (T)= 0. 
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The cross-correlation function of output y on 
input x is defined in a similar manner as 


1 T/2 
Cxy = lim T J x(t) y(t + T) at (3) 
Tee I r/o 


In practice, data records of x(t) and y(t) are 
digitized and the cross-correlation function is 
obtained in the same way as indicated by Eq. 2 
for the autocorrelation function. The cross- 
correlation function is a measure of the inter- 
relation between two random variables. Figure 
V-1 is a plot of the cross-correlation function 


F—— 1.533 msec 


Cross-Correlation Function 





Time Lag r, msec 


Fig. V-1 Cross correlations between source and de- 
tector, with detector located 32.6 cm from source.” 


between input-source and output-detector ran- 
dom signals obtained in noise measurements at 
the University of Florida. The input variations 
are mainly felt by the detector at a time 1.533 
msec later. In this particular application (study 
of space-dependent kinetics), the lag time is 
related to the time for neutron-wave propaga- 
tion between source and detector in the critical 
assembly. Thie! gives other examples of cross 
correlations which have been obtained from 
noise measurements, e.g., between reactor 
power and primary steam flow in the Halden 
Boiling-Water Reactor. 


POWER SPECTRAL DENSITY 


The correlation functions, which are in the 
time domain, may be Fourier analyzed to ob- 
tain corresponding functions in the frequency 
domain. For the more familiar case of a peri- 
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odic function f(t), the Fourier representation is 
given by 


Kt) = È Fin) exp (moi) (4 


where w; is the fundamental frequency 2r /T and 
F(n) is the complex Fourier amplitude at fre- 
quency ”w,, which is given by 


T/2 
F(n) - | p O exp Co dt (8) 


Here f(t) is simply characterized by a super- 
position of sine waves at various frequencies 
nu, With appropriate amplitudes and phase an- 
gles given by F(n). If t) is considered to be a 
time-varying current through a unit resistance, 
it can be shown! that the total dissipated power 
is simply given by 


Be 2 


[F(n) |? (6) 


Here |F(n)|? represents the square of the mag- 
nitude of the Fourier amplitude for frequency 
nw, A plot of the individual values of |F(n)/ 
vs. integer n displays the spectrum of the power, 
i.e., the frequency-dependent power spectra for 
Kit). 

As opposed to the discrete line-spectral 
characteristic of periodic functions, continuous 
frequency distributions are required to rep- 
resent nonperiodic functions of time, e.g., 
random-noise functions from which any peri- 
Odicities present in the fluctuations have been 
removed. For the random function of time y(t), 
the Fourier series representation becomes a 
Fourier integral representation. 


y(t)= f" YU) exp (jw!) df (7) 


Here w = 2nf. Equation 7 differs from Eq. 4 
Only in that the summation over discrete fre- 
quencies is replaced by integration over a 
continuous frequency spectrum. 

An extremely useful result is obtained by 
Fourier analysis of the autocorrelation func- 
tion. 


C(t) = [T BUS) exp (jwT) df (8) 
It has been proved that the Fourier amplitude 


P(f) of the autocorrelation function C,(7) is the 
frequency-dependent power spectral density of 
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the original random function (Ë. This important 
result is known as Wiener’s theorem.!4 


The total power in the random-noise fluctua- 
tions (the analogy that y(/) represents a cur- 
rent through a unit resistor is retained through- 
out) is given by 


P, = f" B(/) df (9) 


A plot of P,(/)/P, vs. f gives the normalized 
power spectral density for the noise fluctua- 
tions. Obviously, if the resulting plot is peaked 
at, say, frequency f over a narrow frequency 
bandwidth Af, a resonance is indicated in the 
system behavior for f = fo. 


To evaluate P,(f) from knowledge of C,(7), 
the Fourier theorem analogous to Eq. 5 for 
periodic functions is applied. In this case the 
relation is 


B,(/) = f C,(z) exp (= kur) dr (10) 


Note that in the analysis of data by digital 
methods, the integral is actually approximated 
as a sum of discrete values. Because of the 
finite length of the signal analyzed in any prac- 
tical digital application, the summation is ter- 
minated over some finite time interval T. Thie! 
discusses the general effects of these and other 
analysis approximations on such factors as 
precision, frequency resolution, and high-fre- 
quency cutoff of the calculated results. 


Fourier analysis of the cross-correlation 
function Cxy gives similar results; in this case 
the cross power spectral density B,(f) is ob- 
tained rather than B(/) as indicated above for 
the autocorrelation function. An important dif- 
ference between B(f) and R,(f) is that B,(/) is 
complex and contains important phase informa- 
tion, whereas P (f) is real and so actually rep- 
resents only the magnitude of the power as a 
function of frequency. 


TRANSFER FUNCTION 


The transfer function between output y (t) and 
input x(¢) relates the amplitudes and the phase- 
angle differences of the input and output signals 
as a function of input-signal frequency. The 
transfer function can be obtained from noise 
measurements by application of the cross- 
correlation technique to the random-noise sig- 
nals. The result obtained is 
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Fey (J) 
F (/) 


where H(f) is the desired transfer function, 
P.(f) is the power spectral density of the input 
noise signal, and R,(f) is the cross power 
spectral density. 





H(f) = (11) 


In the practical application of noise-analysis 
techniques, the effect on the correlation results 
of extraneous system noises or disturbances, 
n(t), must be considered. The sources for n(t) 
could be instrumentation noise or system noise 
generated by some unknown driving function. 
Obviously n(t) affects the observed signal y(t). 


If the fluctuations x(t) and n(/), which deter- 
mine y(¢), are completely unrelated so that they 
are mutually nondependent variations, then the 
fluctuations x(¢) and n(t) are statistically un- 
correlated with each other, i.e., Cy,(7) = 0. In 
this case the input-output cross-correlation 
function obtained is independent of the presence 
of the uncorrelated noise n(t) and hence is 
actually equal to C,,(7). As a result, the cross 
power spectral density P, (f), and hence the 
transfer function H(/), does not reflect the ex- 
istence of the uncorrelated noise x(t). 


Generally, it is much easier to measure the 
power spectral density of the output, BAJ), 
rather than the cross power spectral density, 
By (f). For no extraneous noise in the system, 
the amplitude of the transfer function of the 
system, |H(/)|, is given by the following rela- 
tion: 


P, (/) 
Pe 


If, further, P, (/) is white, i.e., is frequency 
independent over the range of frequencies of 
interest, then VP, ( f) is directly proportional to 
the amplitude of the transfer function.’® 


In the presence of extraneous noise sources, 
reliable and meaningful interpretation of the 
noise measurements requires that either the 
unwanted noise be negligible, i.e., P, (/) < P, (/), 
or that the experiment be designed so that the 
uncorrelated noise component can be deter- 
mined and accounted for in obtaining the final 
results. Further, it is important that the fre- 
quency response of the instrumentation system 
be reasonably flat over the range of frequencies 
of interest in the investigation. The instru- 
mentation frequency response can be measured 
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to thereby permit appropriate corrections for 
the instrumentation effects. | 


NOISE SOURCES 


In zero-power reactors and subcritical as- 
semblies, two important noise sources are 
detected,!*.!7 namely, (1) the natural statistical 
fluctuations of the neutron-chain reaction as 
filtered by the reactor transfer function and 
(2) the random neutron bombardment of the 
detector. The first noise source contains in- 
formation on the reactor transfer function and, 
accordingly, is referred to as the correlated 
noise component of the detector output. The 
second noise source represents an interfering 
background noise and, accordingly, is referred 
to as the white- or uncorrelated-noise com- 
ponent of the detector output. To satisfactorily 
determine the reactor transfer function (and 
associated reactor characteristics, such as the 
neutron lifetime and degree of subcriticality), 
it is necessary to have ahigh ratio of correlated 
to white-noise content in the detector output. 
This ratio is proportional to the detector ef- 
ficiency e, which is defined as the number of 
detector pulse counts per reactor fission. For 
suitable measurements e€ must be at least 10~* 
and preferably greater. To meet this require- 
ment the detection chambers are heavily loaded 
with !°B and are placed within or at the edge of 
the active core. 

In power reactors, additional reactivity noise 
sources, p,,(f), are usually present to excite 
the reactor. These reactivity variations may 
arise as the result of random fluctuations in 
coolant temperature, coolant flow, steam-void 
content, electrical signal actuating the control 
rods, etc. The neutron detectors in power reac- 
tors are generally far removed from the reac- 
tor core so that the natural statistical fluctua- 
tions of the chain reaction are masked by the 
white noise. Useful information can be obtained 
if the noise component at the detector output 
associated with the random driving function, 
Dia (f), is sufficiently large compared to the 
white-noise component discussed above. Thie! 
obtains an estimate of the order of magnitude of 
reactivity fluctuations required to observe the 
correlated-noise component for a typical case. 
Thie’s estimate indicates, for example, that 
random coolant-temperature fluctuations of the 
order of 0.1°C, as typically producing about a 
0.1-cent reactivity effect, would provide a 
Suitably strong signal at the detector output 


(above the white-noise component) for observing 
the spectrum of the reactivity driving function 
as filtered by the reactor transfer function. In 
the typically noisy boiling-water reactors, re- 
activity excitations of the order of 1 cent are 
obtained from the random steam-void fluctua- 
tions. I 


Recent Work on Noise Analysis 


A review of the conference papers follows. 
Reference is made to the individual papers by 
using the conference-assigned paper number, 
which was retained in the abstracts published in 
Ref. 13. 


NOISE MEASUREMENTS IN ZERO-POWER 
REACTORS 


D. H. Bryce!® described how measurements 
of neutron-detection probabilities (defined as 
the probability per unit time of detecting a 
neutron at time ¢ following detection of an ar- 
bitrary neutron at time t = 0) were utilized in 
zero-power experiments on the Cornell Uni- 
versity reactor to obtain subcritical calibration 
of control elements, to measure shutdown mar- 
gin, and to estimate detector efficiency (and 
hence reactor power). The measurements were 
made using a neutron-triggered time-sequenced 
multiple-scaler system, the output of which 
permitted construction of a quantity propor- 
tional to the neutron-detection probability func- 
tion. A heavily loaded BF, detector was mounted 
at the periphery of the small-diameter core so 
as to obtain the high detector efficiency re- 
quired for reliable interpretation of the mea- 
surements. The estimated detector efficiency 
was about 10~ (believed accurate to within a 
factor of 2). The measured control-rod worth 
vs. rod position was found to agree well with 
results obtained by the inhour method. Good 
agreement of shutdown margin (10 cents reac- 
tivity difference for shutdown of 12.70 dollars) 
was obtained between the measured results and 
the results of application of other methods, in- 
cluding consideration of the reactivity worths 
of the individual control rods. Cohn of Argonne 
National Laboratory cautioned on the interpre- 
tation of the measurement results down to large 
Ssubcriticalities. In particular, he pointed out 
that the prompt-neutron generation time, which 
was assumed constant in the data interpretation, 
is a function of the magnitude of the shutdown 
reactivity and that changes in generation time 
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as high as 30% have been calculated for some 
reactor configurations. 


Uhrig!9 described the research program at 
the University of Florida on noise-analysis 
techniques, as specifically applied to both crit- 
ical and subcritical assemblies. This program 
began about 1957 with attempts to measure the 
source transfer function, i.e., the output varia- 
tion of neutron density in asubcritical assembly 
due to an input variation of neutron-source 
strength. Mathematically it is readily shown 
that the frequency-dependent portion of the 
source transfer function and the frequency- 
dependent portion of the reactivity transfer 
function (defined as the output neutron-density 
variation due to an input reactivity variation) 
are identical, to a good approximation. For k 
less than about 0.98, the source transfer func- 
tion of a subcritical assembly can be repre- 
sented as 


1 
jw ta 





where 


geia 


Hence the prompt subcriticality is obtained 
from the source transfer function if the neu- 
tron lifetime, / is known. The ratio B/l can be 
obtained from reactivity transfer-function mea- 
surements performed on the critical assembly; 
from knowledge of the effective delayed-neutron 
fraction 8, the neutron lifetime is determined. 


Uhrig described the details of the power- 
spectral-density measurements performed in 
subcritical assemblies. The primary input to 
the system was the statistical fluctuations in 
the rate with which neutrons were emitted from 
the artificial neutron source. The data curves 
obtained exhibit the shape predicted by theory. 
Internal consistency between these measure- 
ments of Ak/kand control-rod calibration was 
obtained. An absolute comparison was not pos- 
sible because the reactor would not go critical 
for the test configuration. 


Cross power-spectral-density measurements 
were carried out in the two-slab critical core 
of the University of Florida Training Reactor 
wherein the disturbance input was introduced by 
a random reactivity generator. The cross power 
spectral density was measured between the out- 
puts of two ionization chambers located adjacent 
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to the two slabs comprising the reactor core. 
A mathematical model was formulated for this 
experimental configuration which includes cou- 
pling between the two slabs; the coupling is 
delayed by a transit time related to the time for 
neutron-wave propagation between the two slabs. 
The experimental results support the general 
features of the proposed model and further 
show that the frequency dependence of the ve- 
locity of the neutron wave must be taken into 
account. 


As a result of the demonstrated importance 
of the neutron-wave phenomenon, more elab- 
orate experiments were devised to measure the 
spatially dependent impulse-response function. 
These measurements were performed on both 
light- and heavy-water-moderated subcritical 
assemblies. The results obtained are given in 
Ref. 20 and are reviewed later. The impulse- 
response function is proportional to the cross- 
correlation function between a random input 
and the output. In these experiments an accel- 
erator type neutron source was used. The input 
source intensity into the system was of the 
pseudorandom binary off-on type. Cross cor- 
relations were performed between the input 
source variation and the output neutron flux at 
several positions in the assembly. Figure V-1 
shows the cross-correlation function obtained 
between the input source and the output of the 
detector located 32.6 cm above the source ina 
heavy-water assembly. The peak value of the 
function is reached in about 1.5 msec, after 
which it decreases to almost zero and vacillates 
about the zero value. The reciprocal of the de- 
cay constant defining the curve falloff imme- 
diately after attainment of the peak value is 
equal to the effective neutron lifetime. The 
value indicated by the data curve is in good 
agreement with the lifetime obtained from 
pulsed neutron experiments in the same as- 
sembly. Present effort at the University of 
Florida is concentrated on continuation of the 
theoretical and experimental investigations of 
the spatially dependent effects. 


Kylstra and Uhrig?’ described the results of 
the measurements of the spatially dependent 
transfer function between two detectors at dif- 
ferent locations in the assembly. For the light- 
water assembly, reasonable agreement for the 
amplitude of the transfer function is obtained 
between the experimental data and a theoretical 
Spatially dependent transfer function which is 
based on a Fermi-age diffusion-theory point- 
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source model. The measured phase shift was 
somewhat less than the theoretical phase shift, 
although the agreement is still reasonable. The 
transfer function measured in the heavy-water 
subcritical assembly agrees very well in both 
amplitude and phase shift with the theoretical 
model to 250 cps. At that point other effects 
become important and cause large changes in 
the measured transfer function. Selfridge”! de- 
scribed the details of the mechanized data- 
handling procedures developed for noise anal- 
ysis at the University of Florida. 


The results of reactor noise and other ki- 
netic experiments are frequently interpreted in 
terms of the simple point-reactor kinetics 
model utilizing one neutron energy group. 
Cohn”? presented derivations of source transfer 
functions corresponding to more complex mod- 
els. The primary interest is to determine what 
effect departures from the simple model would 
have on the interpretation of noise measure- 
ments, in particular, with respect to the deter- 
mination of the ratio of delayed-neutron fraction 
to prompt-neutron lifetime. The more complex 
models considered were (1) a two-group point- 
reactor model, (2) a two-region reactor model 
in which fissions may occur in both regions, 
and (3) a three-region reactor model in which 
neutrons could pass between the two multiplying 
regions by way of a nonmultiplying intermediate 
region only. The application of these models to 
the fitting of noise data that were available from 
appropriate zero-power critical assemblies 
were presented. 


Danofsky?? described the measurements of 
the cross power-spectral-density function be- 
tween the neutron outputs of the two fuel re- 
gions of the Iowa State University Training 
Reactor. The measurements were taken with 
the reactor critical and no external signal in- 
put into either region. In the reactor configura- 
tion the two slab fuel regions are surrounded 
with graphite and separated by approximately 
18 in. of graphite. An attempt was made to 
relate the cross power-spectral-density func- 
tion between the two fuel regions to the power- 
spectral-density function of the output of one of 
the regions. In this relation a coupling term is 
involved which includes the phase shift resulting 
from the time lag required for a disturbance to 
travel between the two fuel regions. A non- 
spatial model was used for theoretical inter- 
pretation of the results, although clearly the 
problem is one of space-dependent kinetics. 
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SHUTDOWN REACTIVITY MEASUREMENTS 


Schultz?! described how reactor noise mea- 
Surements can be utilized to determine shut- 
down reactivity. The principle involved (limited 
to the high-frequency range of the output sig- 
nal) is based on these two facts: (1) the fre- 
quency dependence of the reactor power fluc- 
tuations on input variations of reactivity and 
neutron-source strength is the same, and (2) 
the ratio of reactor power fluctuations (or of 
the magnitudes of the Fourier amplitudes of 
the neutron-flux noise) obtained at a high fre- 
quency to those obtained at a low frequency 
(but nevertheless in the high-frequency range) 
is related to the shutdown reactivity. The theo- 
retical relation is obtained from the zero-power 
transfer function. The theoretical ratios of the 
amplitudes of the transfer function, correspond- 
ing to various combinations of high- and low- 
frequency values, are plotted in Fig. V-2 
(dashed curves) as a function of subcriticality. 
To check the practical application of noise 
techniques for shutdown reactivity measure- 
ments, power-spectral-density measurements 
were accomplished on the cold, clean reactor 
at the Westinghouse Reactor Evaluation Center 
Critical Experiment Station (CES), Waltz Mill, 
Pa., for various amounts of shutdown reactivity 
and for several source, detector, and control- 
rod configurations. Initial measurement results 
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gave extremely poor agreement with the theo- 
retical curves. These results emphasized the 
importance of decreasing the relative magnitude 
of the uncorrelated noise in the output signal, 
particularly if it is desired to infer the shut- 
down margin from the measurement by use of 
the theoretical zero-power transfer function. 
The high level of uncorrelated noise in the sys- 
tem also significantly altered the shape of the 
experimentally derived curves of amplitude ratio 
vs. shutdown margin, as compared to the theo- 
retically derived curves. 

Uncorrelated noise consists of (1) bombard- 
ment noise or counting randomness, (2) neu- 
trons arriving at the detector after such a long 
distance or after so many interactions that any 
fission information has been wiped out, and (3) 
neutrons resulting from (y,n) reactions that 
would be uncorrelated with the fission process, 
as would be the noise arising in the input cir- 
cuit of the electronic measuring equipment. 
Because of the small signals generally involved 
in such measurements, the counting statistics 
are poor and bombardment noise makes up a 
large portion of the total uncorrelated noise. In 
general, detector efficiencies greater than 10~ 
are required if reactor noise measurements are 
to be made in the presence of bombardment 
noise. 

Attempts were made to obtain larger useful 
signals. The solid curves of Fig. V-2 represent 
the results of measurements taken with the 
detector in the center of the core. It is seen 
that the amplitude ratio, A(100)/A(10), closely 
approximates the theoretical ratio for shutdown 
reactivities less than about —3%. However, as 
the magnitude of the shutdown reactivity in- 
‘creased, the amplitude ratios flattened out in- 
stead of approaching unity, as indicated by the 
theory. 

In one special set of measurements, wherein 
two parallel-connected detectors were placed 
in the center of the core (resulting ina detector 
efficiency of approximately 10), the experi- 
mental curves of amplitude ratio vs. shutdown 
reactivity, as shown in Fig. V-3, are much 
closer to the theoretical curves. The experi- 
mental curves also approached unity as the 
subcriticality was increased. 

In the practical application of the noise tech- 
niques to power reactors, the locations at which 
the detectors can be placed relative to the core 
are limited so that the attainment of detector 
efficiencies near the required 10™ value is 
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extremely difficult in any practical installation. 
The intense fission-product and activation 
gamma sources prevalent after power opera- 
tion add to the problem of minimizing the un- 
correlated noise relative to the useful fission 
fluctuation noise. 


In general, the results presented by Schultz 
verify the principles involved in the shutdown 
reactivity measurements and show that even in 
the presence of a significant amount of uncor- 
related noise, a useful reactivity meter might 
still be derived empirically. This conclusion 
is illustrated by the experimental results plot- 
ted in Fig. V-4, which show that true subcrit- 
icality readings were being obtained and that 
the apparatus was not functioning as a simple 
counting-rate meter. These results were ob- 
tained with the single detector in the center of 
the core and with the reactor subcritical and 
later made critical at several different power 
levels. Once the reactor is critical the ampli- 
tude ratio does not change. This characteristic 
distinguishes the true shutdown reactivity me- 
ter from the ordinary counting-rate meter. 
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The empiricism in the use of a shutdown 
reactivity meter is introduced by the require- 
ment for a calibration of amplitude ratio vs. 
shutdown reactivity (as initially measured by 
other experimental techniques). The calibra- 
tion curve obtained, which will depend on the 
geometrical location of the ion chamber in or 
near the core, is then utilized for future moni- 
toring of the shutdown margin. On the basis of 
the measurements Schultz concludes that, given 
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Fig. V-4 Operation of shutdown reactivity meter in 
subcritical and power ranges. 


a favorable detector location, a relatively sim- 
ple and inexpensive direct-reading shutdown 
reactivity meter can be built which will operate 
down to —5% in shutdown reactivity for a cold, 
clean reactor. 

Ricker et al.,25 described the research pro- 
gram that was set up at the Oak Ridge National 
Laboratory (ORNL) in order to (1) obtain a 
more thorough understanding of the nature of 
the neutron fluctuations in a shutdown reactor, 
(2) ascertain the need for specialized instru- 
mentation for spectral-density measurements, 
and (3) acquire the fundamental information 
necessary for the development of a practical 
shutdown margin monitor. In the first phase of 
the program, the fluctuations in a reactor 
whose physical characteristics are well under- 
stood will be investigated. In the final phase 
various reactor types under normal operating 
conditions will be investigated. The first phase 
of research is presently under way. Negative 
reactivity determinations will be made by using 
the spectral-density analyzer at the ORNL 
Pool Critical Assembly, which has been care- 
fully calibrated by pulsed-neutron and dis- 
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tributed-poison techniques. The required spe- 
cialized instrumentation for accurate analysis 
of the fluctuations by the spectral-density tech- 
niques is being developed and checked. 


NOISE MEASUREMENTS IN POWER REAC- 
TORS 


Randall and Griffith’ summarized the noise- 
measurement and -analysis techniques and 
equipment developed at Atomics International 


for reactor parameter determinations and 


dynamic-stability analyses. The mathematical 
concepts involved in the determination of trans- 
fer functions from power spectra were briefly 
outlined. Wherever extraneous system noise is 
excessive, the cross power-spectral-density 
techniques should be used. It is pointed out, 
however, that, if the spectral density of the 
disturbance, P,(/), is a large portion of P (f), 
then even the cross spectral-density technique 
(expressed by Eq. 11) is subject to serious 
statistical errors. An expression is given for 
estimating the relative confidence limits for 
the phase and gain components of a transfer- 
function measurement from a finite sample of 
data. This expression contains the coherence 
function, R2(/), the use of which enables qualita- 
tive representation of the noise-to-signal ratio 
for the system. 


P, (Z) _1-R(f) (13) 
|HO()Ë P (f) RAG) 


The characteristic frequency modes of im- 
portance in reactor systems lie within the 
span of 107‘to 10° cps. Randall and Griffith 
divide this wide range into three overlapping . 
regions. The first region, from 1 to 10° eps, is 
that in which prompt-neutron lifetime and reac- 
tor shutdown margin are generally determined. 
The second region, from 0.05 to 50 cps, in- 
cludes the natural frequency modes of nearly 
all mechanical components and hydraulic pa- 
rameters, i.e., mechanical vibrations, fuel bow- 
ing, pump oscillations, nucleate boiling, gas 
entrainment, and hydraulic disturbances. The 
third region, 10~ to 1 cps, is dominated by the 
time dependence of the temperature coefficients 
of reactivity, delayed-neutron effects, and xenon 
instabilities. Randall and Griffith emphasize 
that specific techniques and equipment must be 
considered for application in each frequency 
region. Each region has certain unique tech- 
nical problems associated with system excita- 





Summer 1964 


tion, data acquisition, data reduction, and in- 
terpretation of results. A brief discussion is 
presented of each of these technical problems, 
and experimental examples are described to 
illustrate the differences in the equipment and 
techniques used in each frequency region. 

As an illustration of inherent system excita- 
tion which can be utilized, it is pointed out that 
transfer functions between flow rate and sev- 
eral output variables (power level, coolant outlet 
temperature, and fuel temperature) were mea- 
Sured on a SNAP-2 power-reactor system 
wherein inherent random fluctuations in coolant 
flow rate provided the only system driving 
function. However, because of the low driving- 
function strength, other sources of system 
noise, such as instrumentation noise, severely 
limited the accuracy of many of these measure- 
ments. Hence a strong incentive exists for 
perturbing the system with an externally gen- 
erated random disturbance if accurate noise 
analyses are desired. 

Three stages of data acquisition are in- 
volved. These are signal detection, conditioning, 
and recording. Flow diagrams are presented 
for the data-acquisition systems used in the 
high- and low-frequency ranges. Data reduc- 
tion to obtain the desired power spectral densi- 
ties from the recorded noise signals is accom- 
plished with either analog or digital techniques. 
Precise analog measurements can be obtained 
with a wave-analyzer system that normally 
operates over the frequency range from 4 to 
10° cps; the frequency range can be extended 
from 0.0003 to 10° cps by use of signal tape 
recordings with appropriate speed controls for 
expanding or compressing the time scale of the 
data to be analyzed. A sample power-spectral- 
density measurement of high-frequency noise in 
the range from 10 to 7 x 10‘ cps is shown for 
illustration. The relative standard deviation for 
statistical errors was less than 1%, and the 
machine accuracy was also of the order of 1%. 

For digital-computer analysis of the data, the 
noise signals are passed through signal-condi- 
tioning networks, coupled to an analog-to-digital 
converter, and sampled in regular time inter- 
vals. As a result, the digital results are re- 
corded on magnetic tape to provide the input 
information for a cross spectral computer code 
which calculates the gain, phase, and coherence 
estimates at each frequency. 

Ball?” described the noise measurements 
performed on three pressurized-water power 
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reactors. The noise studies were primarily 
motivated by a desire to check experimentally 
the stability of the nuclear reactor system in 
the N.S. Savannah. However, the available equip- 
ment was also utilized for measurements on 
the Yankee reactor and on the Indian Point 
reactor of Consolidated Edison. The ion- 
chamber signals were amplified, filtered through 
band-pass filters, and used to provide the in- 
tegral of the absolute value of the noise at 
selected frequencies. The resultant output 
power spectral density .represents the combina- 
tion of the reactivity driving function and the 
reactor transfer function. 

Prior to the noise measurements at power, 
the zero-power transfer function was mea- 
sured on a group of N.S. Savannah elements to 
confirm the feasibility of the analog method of 
analysis. In these measurements the spectral 
reactivity fluctuations are very small so that 
the transfer function could be easily masked by 
the white-noise component of the average cur- 
rent. Hence the ion chamber was located in the 
center of the zero-power assembly. The data 
follow the expected transfer-function curve very 
closely, as shown in Fig. V-5, thereby verifying 
the technique used. 

The power spectral densities measured at 
power operation indicated no tendency toward 
instability for any of the three power reactors. 
The source of the broad-band reactivity driving 
function was not definitely determined, but the 
most likely cause in each of the reactor sys- 
tems is the random fluctuation in water-tem- 
perature distribution. Experiments on the N.S. 


1000 


o o ° 
° 0o70 o bban È 
9 


© 
© 4100 

= Core 
AN Configuration 
N 

Past 

p O 





0.04 Q1 10 10 {00 {000 


Frequency, cps 


Fig. V-5 Zero-power transfer function obtained from 
power spectral density.?’ Empirical curve fit, using 
theoretical form of the functional relation, gives 
1/8 = 0.00394. 
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Savannah at 50% power and in a rolling sea 
(ship gyro stabilizers off) indicated a reso- 
nance at the frequency of the ship roll (0.1 cps). 
The resonance is clearly evident in Fig. V-6, 
where the product of the spectral density of 
input reactivity fluctuations and the squared 
modulus of the reactor transfer function is 
plotted against frequency. This reactivity driv- 
ing effect is definitely associated with the side- 
to-side movement of the control rods (“rod 
slosh”), occurring in the rolling sea; however, 
the amplitude of the effect was too small to 
require any remedial action. In general, no 
specific application of the information obtained 
was found insofar as setting operating criteria 
for these pressurized-water systems. Work at 
Babcock & Wilcox is presently centered on us- 
ing the spectral-density change at high powers 
as an indication of the onset of boiling in 
pressurized-water systems. 
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Fig. V-7 Spectrum of nuclear power fluctuations in 
the Saxton reactor at 20 Mw.”8 


Rajagopal?! described the noise measurements 
performed on the Saxton pressurized light- 
water reactor. The major objectives of the 
noise studies were to (1) detect nucleate boiling 
and determine its relation to changes in reactor 
operating conditions and (2) study the applica- 
bility of noise measurements in determining 
reactor time constants, shutdown reactivity, 
and any other kinetic parameters. 

The primary side of the Saxton reactor is 
provided with extensive instrumentation, in- 
cluding miniature in-core detectors, instru- 
mented (with cladding thermocouples) fuel rods, 
Pitot flow tubes at the inlet and outlet nozzles 
of selected fuel assemblies, and inlet and outlet 
plenum thermocouples. Standard plant instru- 
mentation, such as the compensated ion cham- 
bers and the flow meters, is also available to 
provide signals for noise measurements. The 
power spectral and cross power spectral anal- 
yses were performed in a commercial electronic 
spectrum analyzer. Comparison of results ob- 
tained from immediately successive measure- 
ments demonstrated a surprising degree of 
resolution and repeatability. 

The most interesting results were obtained 
on the spectral density of the power fluctua- 
tions, which exhibit a well-defined resonance 
between 10 and 20 cps as shown in Fig. V-7. 
An investigation was therefore conducted to 
determine the effect on the resonance of reactor 
power at constant average coolant temperature 
and of average coolant temperature at constant 
reactor power. Some of the results obtained 
are presented in Fig. V-8. Detailed analysis of 
the resonance at these various reactor operating 
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Fig. V-8 Effect of reactor power on resonance 
present in the power spectrum of the Saxton re- 
actor.28 


conditions showed that the resonance is related 
to nucleate boiling. The frequency at which the 
resonance occurs corresponds to the expected 
bubble formation and collapse rates at the op- 
erating temperature and pressure. In attempts 
to correlate the measured properties of the 
resonance with calculations on nucleate boiling, 
a plot was made of the measured area under 
the resonance curves vs. the estimated averaged 
surface area in nucleate boiling (see Fig. V-9). 
The estimated surface area in nucleate boiling 
is based on calculations made by an available 
digital-computer code. The plot shows a linear 
dependence between the variables. These re- 
sults indicate that, by power spectral analysis 
of the fluctuations in nuclear power, it is pos- 
sible to detect and obtain a relative measure of 
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nucleate boiling occurring in the reactor. In 
addition to the foregoing analyses, cross power 
spectral analyses of the various measured sig- 
nals were performed. It was concluded that 
significant information and insight as to the 
dynamic behavior of a power reactor can be ob- 
tained by noise analysis. 

Pluta?3 summarized the preliminary results 
of statistical analyses of limited neutron-flux 
and core-flow noise data taken from the Val- 
lecitos Boiling-Water Reactor. Both digital and 
Fourier analog analyses of the data were per- 
formed; the power-spectral-density functions 
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Fig. V-9 Relation between measured resonance and 
calculated fraction of heat-transfer surface in nu- 
cleate boiling for the Saxton reactor.28 
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obtained are in agreement within the statistical 
confidence associated with the data. Because of 
the lack of a quantitative model of the reactor 
kinetic characteristics and the reactivity driv- 
ing mechanisms, it was not possible to infer 
the value of a significant system parameter 
(e.g., the exit steam fraction) from the cor- 
relation functions. Hence the results obtained 
were limited in usefulness. 


For the same reactor conditions, measure- 
ments were made of (1) the power-spectral- 
density function of the neutron flux utilizing 
noise analysis and (2) the closed-loop reactivity - 
flux transfer function, utilizing a rod oscillator 
as the reactivity driving function and an in- 
core ionization chamber for the flux measure- 
ments. It had been previously demonstrated that 
the in-core and out-of-core ionization cham- 
bers gave nearly the same noise-analysis re- 
sults. From the magnitude of the transfer 
function, |7(jw)|, and the measured power- 
spectral-density function of the neutron flux, 
G, the reactivity driving—power-spectral- 
density function of the system was determined 
from the relation G = |T|? Gariving - The frequency 
dependence of the reactivity driving function 
obtained by this procedure is plotted in Fig. 
V-10. These results demonstrate the fact that 
the reactivity driving function is not white over 
the frequency range of interest. Since no tech- 
niques are known at this time for predicting 
Garivingy it is not possible to determine | T| from 
boiling-water reactor-flux noise by means of 
autocorrelation techniques. 

The application of cross-correlation tech- 
niques using a known random reactivity function 
or the classical rod-oscillator experiment is 
the obvious way to circumvent the lack of a 
comprehensive theoretical model. The present 
theoretical background is adequate to justify 
application of the cross-correlation technique 
to a boiling-water reactor as a substitute 
method for obtaining the closed-loop transfer 
function of the system. 

A paper presented by Eurola®’ summarized 
the reactor noise measurements performed 
during power operation with the first fuel 
charge in the Halden Boiling-Water Reactor 
(HBWR) and described the scope of the noise 
measurements with the second fuel charge. The 
HBWR is a D.O-boiling power reactor, which 
has been in power operation since October 1960. 
The primary purpose of the reactor noise mea- 
surements was to detect any appearance of 
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substained oscillations in the statistical fluctua- 
tions of the neutron flux. In addition, an attempt 
is being made to utilize these measurements as 
a tool to get information on the reactor dynamic 
behavior in the high-frequency range. The mea- 
surements conducted during the first fuel charge 
revealed (1) a kind of hysteresis that made the 
nuclear power noise and the noise in the dif- 
ferential pressure between the reactor vessel 
and the primary side of the steam generator 
behave in two entirely different ways under 
almost identical reactor conditions and (2) an 
acoustical oscillation (which was predicted) in 
the primary steam circuit at a frequency of 
about 3 cps and with an amplitude reaching 30°. 
of the mean flow. With respect to the measure- 
ments with the second fuel charge, the results 
Obtained are still being analyzed so that the 
information derived to date must be considered 
tentative. Of particular interest is the plot in 
Fig. V-11 of the reciprocal mean-square value 
of the nuclear power noise vs. reactor power. 
A linear relation is obtained which, when lin- 
early extrapolated to zero ordinate, predicts 
the instability to be at 16 Mw for the specific 
conditions of reactor operation. 

Boardman” described the attempts to analyze 
the noise from the Dounreay Fast-Breeder Re- 
actor. During a high-power run, recordings 
were made of the fluctuations in reactor power 
and in the inlet and outlet coolant temperatures 
(through plenum thermocouples). The cross- 
correlation function between reactor power and 
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Fig. V-11 Reciprocal of the mean-square value of 
reactor power noise vs. power level in the Halden 
Boiling-Water Reactor.” 


inlet coolant temperature was determined in 
order to obtain an indication of the mean frac- 
tion of the noise in the reactor power which is 
due to the noise measured by the thermocouple. 
The very small magnitude ofthe cross-correla- 
tion function indicates that very little: of the 
reactor power fluctuation is actually due to 
changes in inlet coolant temperature, as mea- 
sured by the plenum thermocouple. The most 
Significant features of the cross-correlation 
results are that: (1) the correlation, although 
small, is positive, thereby implying a positive 
coefficient of reactivity; and (2) there is no 
indication of the long-term correlation ap- 
pearing in the autocorrelation function of the 
reactor power, which had been previously eval- 
uated. This latter result suggests that the long- 
term correlation obtained in the autocorrelation 
function of the reactor power is not due to 
fluctuations in inlet coolant temperature but 
rather to some other cause, e.g., reactor oper- 
ator. On the basis of various reasonable as- 
sumptions that were indicated by the overall 
measurement results, it is suggested that the 
combined reactivity coefficient of fuel and cool- 
ant, a, is about +5 x 10~°(°C)~!, as compared 
with the value of —1.3 x 107° (°C)7! obtained 
from oscillator measurements for the combined 
coefficients averaged over the core. However, 
because of the approximate nature of the noise- 
data interpretations, the deduced value of a 
may have quite a large error. More refined 
calculations are being carried out. Also, it is 
recognized that the plenum thermocouple mea- 
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sures only fluctuations in temperature of the 
coolant in its immediate vicinity and not the 
average fluctuation over the core. 

The possibilities of noise-analysis techniques 
are discussed in Ref. 31 as: (1) an aid in deter- 
mining the kinetics of the reactor, e.g., the 
power feedback mechanism, and (2) an on-line 
reactor monitor. It is emphasized that much 
more experience with noise-analysis techniques 
is required for accurate evaluation and inter- 
pretation of reactor noise data of the type ob- 
tained on the Dounreay reactor. 

A paper by Miida was presented which 
reviewed the status of noise analysis in nu- 
clear systems in Japan. Considerable activity 
is under way in research work on noise- 
analysis techniques and in measurements and 
analyses of power spectra from operating re- 
actors in Japan. The measurements are di- 
rected at obtaining the zero-power transfer 
function, neutron-generation time, and power 
Spectra of reactors at high power levels for 
stability information. Combination ofthe results 
of noise and pile oscillator measurements per- 
formed on a water-boiler reactor revealed that 
the input noise spectrum had a peak at 0.03 to 
0.04 cps; this peak was shown to be associated 
with the void fluctuations due to radiolytic water 
decomposition. The results indicated that the 
void fluctuation noise was nonwhite, i.e., the 
noise amplitude was sharply peaked at a fre- 
quency that was determimed by the void- 
residence time in the reactor core. Power 
Spectral measurements on a power reactor 
revealed that the reactor noise increased by a 
factor of 3 more with coolant flow relative to 
values without coolant flow. This is mainly due 
to mechanical vibration of the fuel rods and 
control rods. 


GENERAL INVESTIGATIONS 


Osborn and Yip* presented a highly theoreti- 
cal and generalized treatment of the subject of 
neutron-noise interpretation. The purpose was 
to develop, from first principles, the theoreti- 
cal basis underlying the more commonly used 
phenomenological interpretation of measure- 
ments of fluctuations and correlations in neutron 
distributions. In the reduction of the generally 
intractable theoretical equations to “working 
level” equations, which involved the usual “point 
reactor” approximation, it is demonstrated that 
the cross sections appearing in the reduced 
equations differ from those appearing in the 
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commonly used phenomenological equations. 
Osborn concludes that the effort to deduce 
kinetic parameters for reactors from measure- 
ments on steady-state systems must proceed 
with caution. 


Moore™ presented a theoretical paper on the 
general properties of noise fields in a reactor. 
In the usual point reactor approximation, the 
random fluctuations of the neutron population 
are interpreted in terms of the usual lumped- 
parameter model. In this case the dynamic 
characteristics are described by means of the 
transfer function. Moore points out that in a 
large reactor the transit time across the reac- 
tor for disturbances, such as thermal-neutron- 
wave propagation, becomes important; hence the 
random fluctuations of the neutron population 
can no longer be described by lumped-parameter 
models, and, instead, the fluctuations in neu- 
tron density must be regarded as a stochastic 
function of both space and time, i.e., a noise 
field. The general mathematical properties of 
such fields were presented.*4 The space-time 
autocorrelation function of any field and the 
cross correlation between two fields were de- 
fined. Relations between the correlation func- 
tions were obtained which are generalizations 
of the usual relations for lumped-parameter 
systems. In the case of a noise field, the spec- 
tral relations are characterized by adispersion 
function in a manner analogous to the appear- 
ance of the transfer function in the lumped- 
parameter system. The dispersion function 
essentially describes how a sharp pulse, ini- 
tiated at time £ = 0 and at a given point in the 
medium, is dispersed (i.e., how the pulse peak 
is attenuated and the pulse width broadened) as 
its effects are propagated in time and space. 


Balcomb’? presented a summary of the cross- 
correlation method for measuring system dy- 
namic response. The use of the method was 
illustrated by various appropriate examples. 
One example involved the utilization of a Gaus- 
sian input signal. The results were carried 
through to system transfer functions and in- 
cluded examples both with and without extra- 
neous noise. It was demonstrated that excellent 
results can be obtained using purely random 
input signals provided the computations are 
carried to the frequency domain. Included was 
a discussion of the use of idealized input sig- 
nals constructed from special pseudorandom 
binary sequences. The resulting input signal is 
a binary square-like wave form which has been 
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modified so that the sign in each time interval 
is chosen at random. Also included was a dis- 
cussion of the factors involved in the choice of 
either the digital or analog method for per- 
forming the cross-correlation computations. 
Valat® discussed autocorrelation techniques 
with random source excitation (random square 
waves, rectangular Poisson pulses) as means 
of reducing statistical error in highly negative 
reactivity measurements. Extraction of the de- 
sired information from the measurements is, 
however, difficult. Encouraging experiments 
are under way. It is emphasized that a high 
detector efficiency is essential to significant 
measurements. Mohler*’ discussed the prob- 
lems involved in the measurement of power 
Spectrum and in the estimation of power spec- 
tral density (average power per unit of fre- 
quency bandwidth) from noise records. Error 
analysis and methods for reducing error in 
measurement were emphasized. 


Gyftopoulos and Hooper’? described some 
work on the synthesis of test signals for the 
measurement of kernels in nonlinear systems. 
A number of periodic signals have been de- 
signed which allow the exact measurement of 
the linear kernel by means of cross-correlation 
measurements between input and output. The 
spectrum of the linear kernel is the transfer 
function of the first-order approximation of the 
system. Efforts are currently under way to de- 
sign signals for the measurement of the linear 
kernel in the presence of the higher order ker- 
nels as well as measurement of the higher 
order kernels themselves. Surdin and Kas- 
simatis®® considered, in great detail, the prob- 
lem of measurement of subcritical reactivity 
using the correlation functions. Several cases 
of external source modulation were considered, 
namely, (1) random short pulses of equal am- 
plitude and m zero crossings; (2) short per- 
iodic pulses of large constant amplitude; (3) 
sinusoidally modulated source; (4) large periodic 
pulses of constant amplitude. The authors con- 
clude that the possible applications of the cor- 
relation functions appear to be more extensive 
than those specifically treated in the paper. 


Kemeny and Murgatroyd? were primarily 
concerned with the formulation of stochastic 
models to represent some of the important 
physical aspects of nuclear reactor theory. The 
noise produced in a zero-power reactor is 
mainly associated with the neutron-fission fluc- 
tuations. For analyses of the physical processes 
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related to these neutron-fission fluctuations, it 
is possible to synthesize the stochastic analog 
of many of the well-known relations of reactor 
theory. It was pointed out, however, that the 
principal source of noise produced in power 
reactors is associated with mechanical vibra- 
tions, flow fluctuations, etc. In this case the 
input noise is not necessarily Gaussian, and it 
is not known how this affects the interpretation 
of the noise-analysis results. 


Weaver“! considered the problem of mini- 
mizing the mean-square value of the neutron- 
noise output of a reactor by appropriate design 
of the control system. By noise minimization it 
was felt that an increase in reactor stability 
would be realized. Albrecht“ derived, by use of 
a simple model, the general equations for the 
variance of the neutron density in systems 
undergoing transient changes, without solving 
for the distribution itself. The variance is a 
measure of the statistical uncertainty (i.e., the 
spread of the data), which is sufficient informa- 
tion for many excursion and pulsed-neutron 
experiments. 
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I Containment, Radiation 


Power Reactor Technology 


Vented-Containment 
Concept for the New 
Production Reactor 


The New Production Reactor (NPR) is a dual- 
purpose power-plus-plutonium reactor located 
at Hanford’ It was briefly discussed in 
Power Reactor Technology, 3(4): 75-76. Ref- 
erence 1 is a discussion of the containment 
concept used for the reactor. Although the NPR 
is a dual-purpose reactor located ata relatively 
remote site, the technical features of the use 
of vented containment hold considerable interest 
for the power-reactor designer. 

The NPR is only one of a number of pro- 
duction reactors located at the Hanford site, 
and none of the others are contained.! The 
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Table VI-1 MODES OF OPERATION FOR THE NPR? 


Period used as basis 


Phase Products of design, years 
Plutonium 2 
II Plutonium 8 or more 
and steam 
HI Steam Remaining life 


author states that a decision was made to open 
some land across from the site to farming and 
that this would make it necessary to provide 
a containment system that would preclude the 
spread of radioactive contamination in the event 
of a failure of the reactor cooling system. 
Since a total containment sphere would have been 
several hundred feet in diameter, it was de- 
cided that the initial pressure surge resulting 
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from a coolant-system failure would be released 
to the atmosphere. Before release of fission 
products from the reactor core could occur, a 
number of pressure-tight valves would be closed 
to isolate the reactor. The reactor is a pres- 
surized-water-cooled graphite-moderated re- 
actor designed to produce both plutonium and 
power. The operation of the reactor is divided 
into phases I, II, and HI. The mode of operation 
during the various phases is shown in Table 
VI-1. Phase I operation actually will be only for 
about a year. The NPR was scheduled for final 
completion’ in March 1964, and construction of 
an 800-Mw(e) power plant to utilize the steam 
is in progress, Completion and operation of the 
power plant are scheduled for the fall‘ of 1965. 

Table VI-2 gives design data on the NPR, and 
Fig. VI-1 illustrates the simplified NPR flow 
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diagram. The reactor and heat exchangers are 
arranged in different, adjacent buildings. This 
is illustrated in Fig. VI-2. The reactor building, 
pipe gallery, and cells housing individual pri- 
mary coolant loop components are connected by 
means of double-hinged flapper-valve type shut- 
ters located between the buildings. These shut- 
ters ordinarily allow the buildings to maintain 
their separate identities for ventilation purposes 
but allow passage of the initial pressure surge 
in the event of an accident. 

The construction material used for the con- 
finement-volume walls, etc. (Fig. VI-2), is re- 
inforced concrete coated with an elastomer.’ 
The heat-exchanger cells can withstand an 
internal pressure of 8 psig. The initial pressure- 
relief vent valves are located in the pipe- 
gallery area and in the reactor building. The 


Table VI-2 DESIGN DATA FOR THE NPR? 





Reactor type and size 


Pressure tubes 
Material 
Number 
Inside diameter, in. 
Wall thickness, in. 
Lattice spacing, in. 
Controls 
‘Horizontal rods 
Vertical ball channels 
Fuel 
Phases I and II 
Phase III 
Heat-dissipation plant 
Number of loops 
Number of evaporators 
Surface area of each, sq ft 
Dump condensers 
Capacity, lb/hr 
Generating plant 
Number of generators 
Capacity of each, Mw(e) 


Design capacity, gross 
Mwit) 
Mw(e) 
Operating data 
Bulk coolant temperature, °F 
Reactor inlet/outlet 
Coolant flow, lb/hr 
Steam temperature at evaporation, °F 
Steam pressure at evaporation, psia 
Steam flow, lb/hr 


Pressurized-water-cooled graphite- 
moderated pressure-tube design; 
approximate dimensions are 33 by 
33 by 39 ft 


Zircaloy-2 
1004 

2.7 

0.25 

8 by 9 


87 
108 


Metallic uranium, Zircaloy-2 cladding 
Uranium oxide, Zircaloy-2 cladding 


5 in phase I; 6 in phases II and III 
10 in phase I; 12 in phases II and M 
16,000 

16 

12.6 x 10 


2 
400 in phase IT; 430 in phase IN 


Operating phase 


I II Il 
(5 loops) (6 loops) (6 loops) 

3290 

0 800 860 
469/572* 
86 x 108 

320 359 435 

90 150 375 
11.4 x 108 


*These numbers are reversed in the reference. 
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thickness of the pipe-gallery roof was sized to 
withstand 5 psig. These design values resulted 
from calculations which indicated that a rupture 
in one of the cells would cauSe a pressure drop 
of 3 psi between the cell wherein the rupture 
occurred and the gallery. In turn, the vent area 
provided in the pipe-gallery roof was sized to 
limit the pressure within to a maximum of 
5 psig. 

The maximum credible accident postulates a 
complete fracture of a main coolant line and the 
escape of the entire volume of primary water 
without condensing. When the pressure within 
the confinement area builds up to 1 in. of water, 
the ventilating supply and discharge valves will 
be closed by pressure switches, thus sealing 
the ventilation system. When the pressure rises 
to 2 in., the pressure switches initiate a fog 
Spray that sprays water in the pipe gallery and 
the cells. The fog-spray pumps are driven by 
both electric motors and diesels for maximum 
reliability. At a pressure of 2 psig, the counter- 
weighted weather hoods on the vent stacks blow 
off. These stacks are shown in Fig. VI-3. After 
approximately 300 sec the butterfly valves close 
automatically, sealing the building and prevent- 
ing release of any fission products released by 
fuel meltdown. The fog-spray system starts 
delivering water about 10 sec after the pressure 
surge to prevent further pressure buildup within 
the confined building. This spray system is the 
only means of preventing excessive pressure 
buildup. 

There are a total of 13 butterfly vent valves 
(Fig. VI-3), 11 of which are located inthe gallery 
and 2 in the reactor building. The inflatable 
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Fig. VI-3 Simplified arrangement of an individual 
confinement vent-valve assembly.! 


plastic bag serves as a backup, should the 
butterfly valve fail to close. A vacuum-breaker 
system is provided which consists of 4 check 
valves, 2 in the reactor building and 2 in the 
heat-exchanger building. These check valves 
open if the differential pressure exceeds 2 psig. 
The whole concept of confinement is tied 
rather explicitly to an accident wherein no 
fission products will be liberated during the 
first 300 sec when the reactor is blowing down. 
The meltdown of fuel was studied analytically 
and is reported on in Ref. 3. For the most 
serious incident studied, a period of 100 sec 
was available between closure of the building 
vent valves and potential fission-product re- 
lease. A containment exhaust system is provided 
with filters of high particulate efficiency. These 
would be used after the initial venting and con- 
trol of building pressure by the fog-spray sys- 
tem. The filtered exhaust air would be released 
through a 200-ft stack to the atmosphere. 
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VII Components 


Power Reactor Technology 


Pumps for Liquid Metal 


The Lithium-Cooled Reactor Experiment 
(LCRE) is an outgrowth of the Aircraft Nuclear 
Propulsion Program (ANP). References 1 and2 
discuss the design of the primary coolant pump! 
and the reflector coolant pump’ for the LCRE. 
The two pumps appear to be quite similar, and 
only the primary coolant pump will be dis- 
cussed here. The pumps were designed during 
the ANP program and incorporate design fea- 
tures of a flight type reactor coolant pump for 
a nuclear aircraft power plant. The “spin-off” 
of the ANP technology into other areas isan in- 
teresting development, although it mustbe real- 
ized that the design of a liquid-metal pump for 
a central-station power plant might be different 
from a pump designed for use in flight. 

Table VII-1 lists design characteristics of 
the primary coolant pump, termed the LP-1. 
Figure VHI-1 shows a simplified section of the 
liquid lithium pump. The design goal of a 10,000- 
hr operation without maintenance! is not a modest 
one, and it is of interest to note that four LP-1 
test units have accumulated a total of 32,254 hr 
at design conditions. Two of the units have com- 
pleted their scheduled 10,000-hr test.' Whether 
these were free of maintenance is not specified 
in the reference. 

The major problem in the design of the pump 
is the sealing system, which is shown schemati- 
cally in Fig. VII-1. Figure VII-2 shows addi- 
tional details of the construction of the dynamic 
seal. The following quotation! serves to explain 
the operation of the seals: 

A major design feature of the LP-1 pump is the 
sealing system, which is shown on the simplified 
schematic in Fig. [VII-1]. The objective of the seal- 
ing system is to prevent any contamination of the 
hot liquid metal with oxygen, moisture, or carbon- 
aceous material. Absolute minimum contamination 
levels are required to assure proper operation of 


the pump for the design total operating life of 15,000 
hours. Primary sealing of the hot lithium is accom- 
plished by establishing a liquid metal to inert gas 
interface on the rotating vanes of a radial vaned 
impeller, termed a dynamic seal, which is located 
on the shaft above the main pump impeller. The 


Table VII-1 SUMMARY OF DESIGN CRITERIA FOR LP-1 
PRIMARY COOLANT PUMP! 


Hydraulic criteria 
Type of pump Single stage, centrifugal 
Fluid Lithium 
Fluid temperature, °F Maximum, 1600; nominal, 1000 
Flow rate, gal/min 390 total; 195 per pump 


Head rise, ft 115 
Design shaft speed, rpm 4500 
Pump hydraulic efficiency, % 69 
Inlet pressure, psia 36 
Design specific speed 1830 


Design suction specific speed 1310 


Structural criteria 
Operating life: 15,000 hr total; 1000 hr at design conditions 
Material, predominantly niobium—1% zirconium alloy and type 316 
stainless steel 


Radiation dosage 
10° rads of gamma; 5 x 10" fast neutrons/cm’ 


Maximum allowable design-stress levels for niobium— 1% zirconium 
alloy (forgings and extrusions) 
15,200 psi for 10,000-hr operation at 1000°F; 5500 psi for 1000-hr 
operation at 1600°F 


Mechanical design criteria 

Design critical speed of pump shaft, 11,850 rpm 

Pump mounting: vertical, with two pumps mounted in a common 
sump 

Pump-shaft bearing support: single roller bearing at top end, 
duplex ball thrust bearing at lower end 

Pump-shaft sealing system: centrifugal type of dynamic seal for 
primary liquid- metal seal; helium sweep-gas flow and mechan- 
ical shaft face seals for secondary sealing 

Pump thermal insulation: sealed can filled with zirconium wool 
type insulation 

Pump lubrication system: forced feed; total flow of 2.2 gal/min 
of MIL-L-7808D oil 

Dry weights: each pump, excluding motor, 226 lb; sump without 
pumps, 630 lb 


Pump drive-motor design criteria 
Type of drive: two pole, variable frequency, a-c induction motor 
Shaft speed range, 0 to 7200 rpm 
Electrical system: 3 phase; 110 volts at 60 cps; 0 to 120 cps 
Shaft bearing support, single ball bearings at top and lower end 
Drive lubrication system, bearing packed with NRRG 159 grease 
Motor weight, 320 lb 
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pump discharge pressure is sealed by permitting 
the liquid metal to partially flood the vaned side of 
the rotating dynamic seal impeller to a selected 
radial interface location where a pressure balance 
is obtained by utilizing the sweep gas pressure 
above the dynamic seal,as shown in Fig.[VII-1]. At 
this equilibrium condition, the sum of the sweep 
gas pressure plus the pressure rise developed in 
the rotating annulus oí liquid on the dynamic seal 
impeller vanes is equal to the pressure existing at 
the top of the impeller due to the pump discharge 
pressure. The helium sweep gas discharges into 
the sump at essentially the same pressure as that 
existing at the interface on the dynamic seal, so 
that a common inlet pressure is sensed by both the 
dynamic seal and main pump impellers. In this 
manner, the dynamic seal interface position is in- 
sensitive to the pump shaft speed for a given pump 
throttle setting as both impellers generate a head 
rise as a common function of the pump shaft speed. 
The sweep gas exits from the top of the sump 
through a vapor trap and then through a pressure 
regulator, which establishes the pressure level in 
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the sump. From the regulator the helium sweep 
gas is discharged overboard to the atmosphere. 
The secondary sealing of the pump is accom- 
plished by the helium sweep gas flow in conjunction 
with the cermet faced, bellows mounted mechanical 
shaft face seals. A single, oil cooled, shaft face 
seal is located at each end of the pump bearing 
compartment to effectively seal against leakage of 
oil or inert gas from the lubrication system and 
prevent contamination of the inert gas blanketed oil 
system from the ambient air at the top of the shaft. 
A dry gas cermet shaft face seal is utilized below 
the lower shaft face seal to form a purge cavity as 
indicated in Fig. (VII-1]. A flow of about 6 SC FH of 
helium is introduced into the purge cavity directly 
above the dry gas face seal and flows upward 
through a single tooth shaft labyrinth, which pro- 
duces an effective acceleration of the helium purge 
gas to prevent the diffusion of oil vapors below the 
labyrinth. The purge gas and any oil vapor leakage 
from the oil cooled face seal are swept overboard 
to an extennal containment vessel. To prevent gross 
leakage of oil into the liquid metal region in the 


Electric Drive Motor 


_~ Motor Mount 





_ — Oil-Cooled Face Seal 


a 


_- Speed Sensor 


Z 
A 


Oil-Cooled Face Seol 
yet 


| Se Labyrinth 
; N Dry-Gas Face Seal 
= : 2 ee 


| 
N 
L \ 


l 


we 





Purge Gas Out 
Purge Gas In 
Sweep Gas In 
_-——~ Sweep Labyrinth 


J 
PA 
J" Probe 
"I" Probe 








ai 


`. ‘Through Flow 
Pump Impeller 


____... Suction Beall 


Fig. VII-1 Cross section of the primary coolant pump and sump.! 
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event of a major failure of both lower shaft face 
seals and the purge gas flow, a secondary dynamic 
seal, termed a slinger, is installed below the dry 
gas shaft face seal. The helium sweep gas flow is 
introduced down the shaft tunnel below the slinger 
to prevent the diffusion of lithium vapors up the 
shaft above the single tooth labyrinth shown in Fig. 
[VII-1]. A sweep gas flow rate of about 25 SCFH is 
utilized to provide an effective sweep gas velocity 
through the labyrinth. To prevent the introduction of 
contaminants into the pump system through the 
sweep gas circuit, the helium is purified to less than 
two parts per million of oxygen and two parts per 
million of moisture contaminants priorto introduc- 
tion into the pump sealing system. 


Two primary pumps are arranged on a common 
sump, as shown in Fig. VII-3. 


Flow Controller for 
Sodium Service 


Reference 3 describes a throttle valve that 
was constructed for possible use in the primary 
or secondary systems of a sodium-cooled re- 
actor. The major parts of the controller are the 
valve body with one entrance and two exit ports, 
an orifice-closing member or gate, and a torque- 
tube seal. A cross-sectional view of the valve 
assembly is shown in Fig. VII-4. Type 304 stain- 
less steel was utilized for the valve parts, and 
the valve body walls were 5% in, thick. The de- 
sign of the gate was an important feature of the 
controller. As the gate rotated, the flow area of 
one of the exit ports was approximately equal to 
the area of the other port available for flow. A 
turn from the fully open tothe completely closed 
position required about a 30° rotation of the gate 
in either direction from the midposition. 

The sealing of the valve was accomplished by 
means of seal welds as shown in Fig. VII-5. The 


Table VII-2 DESIGN CHARACTERISTICS 
FOR HYDRAULIC CONTROL-ROD ACTUATOR! 


Design 
Criterion value 

Stroke, in. 60 
Scram time, maximum, sec 1 
Positioning speeds, in./min 6 and 12 
Incremental positioning, in./step 1/8 
Rod-position indication, in. +1/8 
System environmental pressure, psig 2000 
System environmental temperature, °F 500 
Maximum outside diameter, in. 14 
Design lifting capacity, lb 2300 


COMPONENTS 271 





0.090" 
24 Vanes 


\.5.720' Dia. 


Flange with Annular Rings 
Which Mote with the Steps in 
RUN the Vone ! 






SY 


N CL Ahhh hd hele had 


Dynamic Seal 
Impeller 


Fig. VII-2 Schematic of the dynamic seal for the 
primary coolant pump.! 


torque tube allowed the drive shaft to turn with- 
in the necessary +30° swing and still provided 
a positive barrier between the sodium and the 
helium fill gas. The sodium freeze seal at the 
top of the drive shaft was used for backup pur- 
poses. In case of rupture or damage of the torque 
tube, the sodium flowing into the small, annular 
clearance would freeze and seize the drive shaft. 

The flow controller was tested with flowing 
sodium in a test loop at flows to 5000 gal/min in 
the temperature range from 825 to 1000°F. The 
two exit orifices were contoured, and the flow 
rate was shown to be nearly linear with respect 
to the degree of valve opening. Thermal shock- 
ing was done to the flow controller by allowing 
colder sodium to flow through a hot valve. The 
valve performed satisfactorily for 500 shocks 
after some modifications to increase clearances 
between the gate and the bore. The performance 
of the torque-tube drive-shaft seal was satis- 
factory. 


Control Rods and Drives 


A hydraulic control-rod actuator is described 
in Ref. 4. This mechanism utilizes reactor pri- 
mary water as an actuating mechanism and has 
the design characteristics shown in Table VII-2. 
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The operating principle ofthe hydraulic control- 
rod actuator is shown in partsa through d of 
Fig. VII-6. Part e of Fig. VII-6 is a simplified 
schematic of the actuator. 

The supply water for the actuator is furnished 
by a canned rotor pump at a pressure that is 
about 125 psi above the reactor pressure. The 
linear-motion mechanical-transfer coupling is 
formed by a shaft having spiral keyways of two 
different pitches, which are in turn coupled to 
the pistons. The reference’ compares the action 
of this shaft and the pistons tothat of a “Yankee” 
screwdriver: “,.. As the power piston moves 
upward the shaft rotates, thus the angular posi- 
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tion of the shaft is a function ofthe power piston 
position. This rotary motion of the shaft is 
translated back to a linear motion of the servo 
piston by the ‘Yankee’ screwdriver action. The 
ratio of motion between the pistons is approxi- 
mately 38 to 1 sothat a3-in. motion of the servo 
piston represents the full stroke of the power 
piston.” Rod withdrawal is accomplished by 
driving (or stepping) the control sleeve in an up 
direction. The increase in the pressure beneath 
the power piston moves it, and (by means of the 
transfer coupling) the servo piston, in a with- 
drawal direction. When the control port is again 
uncovered the proper amount, the motion ceases 
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and the rod is heldin a fixedposition. The rod is 
inserted by reversing the initial direction of 
motion of the control sleeve. Scram is accom- 
plished by opening the scram ports and allowing 
the water to drain away. 

All signals in and out of the mechanism are 
transmitted by magnetic couplings so that no 
seals are required between the reactor water 
and the exterior. Scram is accomplished by any 
one of the following operations: 

—deenergizing the magnetic clutches 

— interrupting all electric power 

— shutting off the hydraulic supply 


In the first two scram options, the magnetic 
clutch disconnects the scram stepmotor from 
the scram sleeve-drive gears, and the scram 
torsion spring rotates the scram sleeve until 
the scram ports are uncovered. This results in 
the action shown in part d of Fig. VII-6. No con- 
trols are moved for the last scram option, and 
scram occurs at about one-half the normal rate. 
When pressure is restored, the control rod 
moves to its original position. A prototype 
mechanism was built and operated to demon- 
strate proof of principle. 

Reference 5 describes a pressure-balanced 
control rod, designed originally for the Experi- 
mental Organic-Cooled Reactor (EOCR). The 
reference is an analytical study only and does 
not describe any hardware. The particular con- 
trol rod studied employed a fueled follower, and 
it is this feature which makes a pressure- 
balanced rod particularly important. If the 
coolant-flow direction normally is opposite to 
the direction of rod-fuel motion for scram, then 
the attainment of an acceptable scram time may 
be difficult owing to the resistance of passage of 
the assembly through the relatively rapidly flow- 
ing water. The solution offered in Ref. 5 can be 
explained by study of Fig. VII-7. During normal 
operation the absorbing section is raised out of 
the core, and its place is taken by fuel. Coolant 
enters the side of the lower boot through the 
slots and flows into an annular passage sealed 
from the exterior of the element by the rubbing 
shoes. The coolant then flows through an orifice 
and into the movable lower plenum; from there 
it cools the fuel element, exiting at the top into 
an upper plenum. Since the lower end of the 
lower plenum is sealed, there is no need for the 
element to force its way through rapidly moving 
coolant in the event of a scram. 

In the event of scram, the movable assembly 
displaces the water trapped between itself and 


Vol. 7, No.3 


the lower boot. This water flows in the paths 
shown by the dashed arrows in Fig. VII-7 and 
exits above the top of the upper grid plate. The 
reference contains the results of a considerable 
amount of mathematical study of the system, 
showing that the movable assembly should be- 
have in the expected manner. It would seem that 
the rubbing shoes are a most important part of 
the system, since they keep the coolant from 
short-circuiting directly to the upper plenum 
for both the operating and scrammed conditions. 
The reference does not indicate whether full- 
scale prototype testing will be undertaken. 
Reference 6 reports on tests done with a 
control-rod-drive prototype for the Pathfinder 
power reactor. The drive system uses a rack- 
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and-pinion drive, and it was designed to operate 
in a pool of shielding water. The Pathfinder 
plant is discussed in Sec. VIII of this issue of 
Power Reactor Technology. The installation 
contains an interesting mechanism to prevent 
the formation of a void in the rack housing due 
to rapid removal of the rack during a scram. 
This mechanism consists of a steam line from 
the reactor to the upper end ofthe rack housing; 
as steam flows through this line during ascram, 
it is condensed by the relatively cooler shield 
water. To prevent a convection path from being 
set up during normal operation, aspring-loaded 
piston type accumulator is provided near the top 
of the rack housing. The reference contains the 
results of a number of tests performed on the 
rod-drive prototype to demonstrate satisfactory 
performance under all operating conditions. 
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Power Reactor Technology 


Design and Construction 
Practice: Pathfinder and 
BONUS 


By Walter Mitchell IlI 


Introduction 


The Nuclear Superheat Program of the U. S. 
Atomic Energy Commission includes the con- 
struction of two central-station power reac- 
tors, the Pathfinder reactor near Sioux Falls, 
S. D., and the Boiling Nuclear Superheater 
(BONUS) reactor at Punta Higuera, P. R. These 
two reactors are in the process of startup at 
this writing. If they fulfill expectations, they 
will establish the feasibility of generating 
high-temperature steam in water-cooled water- 
moderated reactors. Since water-reactor tech- 
nology has so far shown economic promise in the 
United States, the development of nuclear super- 
heat reactors may have important consequences. 

The design approaches to many of the prob- 
lems of nuclear superheat are different in the 
two reactors. The designs are described here, 
in a single review, because their diversity itself 
serves to illuminate the problems and relations 
of nuclear superheat. The major part of the re- 
view is devoted to summaries of the two designs. 
A brief discussion of the two in relation to the 
development of nuclear superheat is given atthe 
end, but any critical comparison given before 
the establishment of the operating characteris- 
tics would be premature. 


Pathfinder Atomic 
Power Plant 


The integral nuclear superheat reactor of the 
Pathfinder Atomic Power Plant!:? reached criti- 
cality in March 1964. The evolution of the plant 
type and the administrative organization of the 
project were described in Power Reactor Tech- 
nology, 2(3): 51; hence the emphasis in this ar- 
ticle is on design features and operating pa- 
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rameters. The plant, which is located near Sioux 
Falls, S. D., was designed and constructed by 
the Allis-Chalmers Mfg. Co. for the owners and 
operators, the Northern States Power Co. of 
Minneapolis, Minn. Architect and engineering 
services for the project were provided by the 
Pioneer Service and Engineering Co. of Chicago. 

Although a bulk-steam exit temperature of 
825°F from the superheater is specified for the 
reference design, this temperature cannot be 
realized with the first-core loading. The basis 
for design of the first core is a 725°F bulk- 
steam exit temperature from the superheater, 
and the safeguards report for the plant, as well 
as the following discussion, is based on the 
lower value. 

The two-region core of the heterogeneous, 
boiling-water type reactor contains a central 
superheater region that is surrounded by an 
annular boiler region. Superheated steam from 
the reactor is passed directly to a condensing 
steam turbine, and feedwater from the conden- 
sate system is mixed with the boiler recircu- 
lated water. Forced, controlled recirculation of 
water through the boiler region is accomplished 
by pumps and piping located outside the reactor 
vessel. The stainless-steel-clad superheater 
fuel elements contain highly enriched uranium 
dioxide in a stainless-steel cermet, whereas the 
Zircaloy-2-clad boiler elements are fueled with 
Slightly enriched uranium dioxide. The steam- 
generating portion of the plant is housed in a 
vertical, cylindrical containment vessel, and 
the power-conversion equipment is located in 
an adjoining building. 

A simplified flow diagram of the plant is given 
in Fig. VII-1, and the principal characteristics 
are listed as follows: 


Power, boiler region, kw 157,400 
Power, superheater region, kw 31,500 
Total core power, kw 188,900 
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Gross electrical capability, kw 

Gross heat rate, Btu/kw-hr 

Net electrical output, kw 

Net efficiency, % 

Steam outlet pressure, psig 

Reactor operating pressure, psig 

Temperature, boiler region, °F 

Outlet temperature, superheater 
region, °F 

Reactor steam flow at rated power 
(approximate), lb/hr 

Recirculation rate, gal/min 

Containment vessel size, ft 

Reactor vessel size, ft 

Overall core dimensions, height and 
diameter, ft 

Dimensions of superheater region, 
height and diameter, ft—in. 

Fuel, boiler region (Zircaloy-clad) 

Fuel, superheater region (S.S.-clad) 
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62,500 
10,780 
58,900 
31 

535 
600 
489 


725 


616,125 
65,000 

50 (dia.) by 120 
11.5 (OD) by 31.5 


6 by 6 


6 by 30 

2.2% enriched UO, 

93% enriched UO,- 
S.S. cermet 


Fuel loading, boiler region, kg 235U 144.3 
Fuel loading superheater region, 
kg 235U 50.0 
Average heat flux, boiler region, 
Btu/(hr)(sq ft) 122,000 
Average heat flux, superheater re- 
gion, Btu/(hr)(sq ft) 59,100 
Maximum heat flux, boiler region, 
Btu/ (hr) (sq ft) 447,000 
Maximum heat flux, superheater 
region, Btu/(hr)(sq ft) 219,000 
Neutron flux, approximate, 
neutrons/(cm?)(sec) 3.5 x 10! 
Steam 
489°F 
600 psig 


Water 
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A. 356 °F i 
= 
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! 
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Superheoted Steam - 
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Í 
3 Recirculation 
Loops 


Superheater 


Boiler 
65,000 gal/min 


Heoter 


Reactor Building} 


General Reactor Features 


The reactor vessel and its internals, the re- 
circulation loops, and the control-rod drives 
constitute the reactor system. Figure VIII-2, a 
vertical section through the reactor vessel, 
shows the arrangement of internal components 
of the vessel, the mounting position for the 
control-rod drives, and the connecting points at 
the vessel for feedwater piping, recirculation 
water piping, and the main steam line. As shown 
in the figure, recirculation water enters the re- 
actor vessel at its bottom and flows upward 
through the annular boiler region. Most of the 
steam formed in the boiler region continues to 
flow upward in the pressure vessel and is sepa- 
rated from the water at the steam-water inter- 
face located above the active core. The water 
and some entrained steam flow into steam sepa- 
rators that are located in the annular space be- 
tween the boiler core and the pressure-vessel 
wall. The entrained steam is separated from the 
water, and the water then flows down through 
the downcomer annulus to the lower portion of 
the pressure vessel. The steam flows upward 
into the steam dome, passes through the steam 
dryer, flows down through the superheater re- 
gion, and flows out the bottom of the reactor 


725°F, 535 psig, 616,125 lb/hr 


Generator 








Condenser 





7 
fa Condensate 


(= Pumps 
Heater Heater Heater 


Fig. VIII-1 Simplified flow diagram of the Pathfinder Atomic Power Plant. 
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Fig. VIII-2 Vertical section of the Pathfinder reactor. 
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vessel through the main steam line. Feedwater 
enters the reactor vessel near its bottom and 
is mixed with the downcomer flow by means of 
a sparger shown in Fig. VIII-2. The recircula- 
tion flow, which consists of the downcomer flow 
and the feedwater, leaves the vessel through 
piping outlets, passes through recirculation 
pumps where its pressure is raised approxi- 
mately 25 psi, and then reenters the reactor 
vessel through the recirculation-water piping 
inlets. 

The boiler region contains 96 fuel-element 
assemblies, each approximately 5 in. square by 
99 in. long overall. The superheater region of 
the core, which resembles a tube type heat ex- 
changer, contains 412 positions for 1-in.- 
diameter fuel assemblies. Reactor power level 
is controlled by a system of rods located in 
both the boiler and superheater regions of the 
core. The rack-and-pinion type drives employed 
for all control rods are mounted on top of the 
reactor pressure vessel. 

The reactor vessel is carbon steel and is in- 
ternally clad with stainless steel. Internal sup- 
port structures and baffles are stainless steel, 
and the recirculation piping is stainless steel 
or is clad with stainless steel. 


Boiler Fuel 


Each boiler fuel assembly contains a bundle 
of 81 fuel rods in a 9 by 9 array, with a nozzle 
assembly on one end and a handling fitting on 
the other. Each fuel rod consists of four seg- 
ments joined end to end as shown in Fig. VIII-3. 
The two segments that comprise the top half of 
the fuel rod have a slightly smaller diameter 
than the segments in the bottom half. The rods 
are spaced by tube sheets at the joints between 
fuel-rod segments and by support grids at each 
end of the rod bundles. The rods are supported 
on the lower grid, where each rod is fastened 
by a stainless-steel bolt which, in turn, is tack 
welded to the grid. Sixteen of the rods are 
bolted to the top support grid to hold the ele- 
ment together during handling, whereas the tops 
of the remainder of the rods are free to move 
independently in the axial direction. The topand 
bottom support grids, which are stainless-steel 
castings, are fastened to the handling fitting and 
the nozzle assembly, respectively. Differential 
thermal expansion between the boiler fuel as- 
Semblies and the core support structure is 
accommodated at the bottom core support plate 
by a spring-loaded sliding fit between the fuel- 
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element nozzles and the receiving sleeves in 
the bottom support structure. 


Specifications and performance data for the 
boiler fuel assemblies and for the boiler re- 
gion of the reactor are given in the following 
tabulation: 


Core, boiler region 


Mean outside diameter, in. 69.0 
Mean inside diameter, in. 31.3 
Active fue1 length, in. 72 
Volume, cu ft 123 
Number of fuel-element assem- 

blies 96 


Average power density, kw/cu ft 
core volume 

Average specific power, kw /kg 
of uranium 24.0 


1280 (~45 kw/liter) 


Average heat flux, Btu/(hr)(sq ft) 122,000 
Maximum heat flux, 

Btu/(hr)(sq ft) 447,000 
Steady-state minimum burnout 

ratio 1.9 
Maximum fuel temperature, °F 4215 
Maximum surface-cladding 

temperature, °F 514 
Inlet coolant velocity, ft/sec 13.6 
Exit voids, average and maxi- 

mum, % 45.5 and 56 
Pressure drop, psi 13.6 
Thermal power generated, Mw 157.4 
Thermal power to coolant, Mw 159.1 
Heat-transfer area, sq ft 4397 
Coolant flow area, lower half, 

sq ft 9.43 
Coolant flow area, upper half, 

sq ft 10.81 
Fuel burnup, Mwd/ton 10,000 
Core lifetime, year 1.5 
Fuel enrichment 2š5U, wt.% 2.2 
Fuel loading, uranium, kg 6560 

Boiler fuel-element assemblies 
Bundle size, in. square 4.735 
Number fuel rods per bundle 81 
Rod sections per rod 4 
Lower Upper 
sections sections 

Pellet diameter, in. l 0.348 0.310 
Cladding thickness, in. 0.028 0.026 
Rod diameter, in. 0.408 0.367 
Box material Zircaloy-2 
Cladding material Zircaloy-2 
Fuel material UO, 


Fuel density, g/cm’ 10.41 
Nozzle material Chrome-plated 304L 
S.S. 


Superheater Fuel 


Two concentric fuel tubes form the basic fuel 
arrangement in each superheater assembly. As 
shown in Fig. VIII-4, concentricity of the tubes 
is maintained by full-length straight-wire spac- 
ers, and spacing of the assembly. proper in pre- 
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Fig. VIII-3 Boiler fuel assembly of the Pathfinder reactor. 
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Fig. VIII-4 Superheater fuel assembly of the Pathfinder reactor. 
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installed flow channels is accomplished in the 
same manner. Most of the superheater elements 
contain a central burnable poison rod, but up to 
100 unpoisoned elements can be used for flux 
shaping and reactivity adjustment. The fueled 
and poisoned sections of each element are welded 
to end fittings. At the lower end of the element, 
the fitting consists of a spacer and support as- 
sembly that plugs into a support plate in the 
core structure. At the upper end of the assem- 
bly, the central-rod portion is welded to a han- 
dling fitting, and the fuel tubes are not axially 
restrained and are free to expand. 

Each superheater fuel tube consists of a 
UO, -stainless-steel cermet that is sandwiched 
between two thin stainless-steel-cladding tubes. 
Heat transfer from the cermet to the cladding 
is improved by diffusion bonding of the two. The 
central poison rod, which consists of a compact 
containing about 0.35 wt.% natural boron carbide 
in alumina at about 70% of theoretical density, 
is clad with relatively thick stainless steel. 

Superheater data are given in the following 
tabulation: 


Core, superheater region 


Mean outside diameter, in. 30 
Active fuel elength, in, 71.5 
Volume, cu ft 32.5 
Number of fuel-element assem- 

blies 412 


Average power density, kw/cu ít 


core volume 970 (~34 kw/liter) 


Average heat flux, Btu/(hr)(sq ft) 59,100 
Maximum heat flux, 

Btu/(hr)(sq ft) 219,000 
Power generated, Mw(t) 31.5 
Power to coolant, Mw (t) 29.8 
Heat-transfer area, sq ft 1817 
Coolant-flow area, sq ft 0.993 
Maximum fuel temperature, °F 1280 
Maximum cladding surface tem- 

perature, °F 1270 
Average flow rate in element, 

lb/hr 1478 
Maximum flow rate in element, 

lb/hr 1626 
Average exit bulk temperature, °F 725 
Average inlet velocity in coolant 

channels, steam, ft/sec 128 
Average exit velocity in coolant 

channels, steam, ft/sec 207 
Core pressure drop, psi 61 
Fuel burnup, average, % 18.5 
Core lifetime, months 9 
Fuel enrichment, wt.% 235U 93 
Fuel loading, kg 235U 50 

Superheater fuel-element assem- 

blies 
Outer insulating tubes 

Outside diameter, in. 1.076 

Inside diameter, in. 1.024 
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Inner insulating tubes 

Outside diameter, in. 0.967 

Inside diameter, in. 0.937 
Outer fuel tubes 

Outside diameter, in. 0.839 

Inside diameter, in. 0.769 
Inner fuel tubes 

Outside diameter, in. 0.630 

Inside diameter, in. 0.560 
Poison-tube outside diameter, in. 0.467 
Cladding and structural material Type 316L S.S. 


Cladding thickness 


Fuel tubes, in. 0.0075 

Poison tube, in. 0.028 
Cermet thickness, in. 0.020 
Cermet composition, wt.% UO, 17.5 


Control Elements 


Pathfinder control elements consist of cruci- 
form blades and poison shims in the boiler re- 
gion and round rods in the superheater region. 
The poison shims are located between boiler- 
fuel-assembly positions. They are locked in po- 
sition by the assemblies and cannot be moved 
unless the two adjacent fuel assemblies are first 
removed. The boiler and superheater control 
elements are driven by mechanisms mounte< 
on the vessel head, and, although all rod drives 
are equipped with magnetic clutches, the super- 
heater elements will normally not be scrammed. 
The drives are of the rack-and-pinion type anc 
are equipped with servo position indicators. 

On receipt of a scram signal, the boiler 
control-rod magnetic clutches release and allo% 
the boiler rods to fall into the core, while the 
Same signal initiates a run-in of all control- 
rod-drive motors. Those boiler rods which are 
in the full-out position are accelerated, during 
a scram by a compressed spring; all scramme<c 
rods are decelerated at the end of their down- 
ward strokes by hydraulic dashpots. The mag- 
netic clutches for the superheater control-rod 
drives are energized by a separate supply, anc 
thus the superheater rods are not automatically 
scrammed when clutch power to the boiler rods 
is interrupted. 

The cruciform boiler-control rods were de- 
scribed in Power Reactor Technology, 5(2): 46, 
and will not be shown here. The superheater 
control elements, which are shown in Fig. 
VIII-5, consist of groups of small rods. The 
rods in each group are attached to a cruciform 
structure called the superheater control-rod 
support yoke, and this yoke, holding 13 rods, is 
driven by a single drive unit mounted on top of 
the reactor vessel. There are four such control 
elements in the superheater region. 
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Fig. VIII-5 Superheater control element of the Pathfinder reactor. 
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All control elements in the Pathfinder core 
are provided with guide channels in the core 
structure, and none can contact afuelassembly. 
Specifications for the control rods are given in 
the table that follows this section, and the man- 
ner in which the rods are integrated with the 
remainder of the core is described in a later 
section. 


All control-rod drives are basically the same 
rack-and-pinion type, but the normal drive 
speed of those boiler rods closest to the super- 
heater region is about one-third that of the 
speed of other rods in order to keep the cold 
startup reactivity-increase rate 2bout the same 
for all rods. 


Boiler control rods 


Number 16 
Number of drives 16 
Shape Cruciform 
Material 2 wt.% boron in 304 S.S. 
Blade dimensions, in. 
Thickness vA 
Width 10⁄6 
Poison length 72 
Superheater control rods 
Number 52, ganged into 4 groups 
Number of drives 4 
Shape Cylindrical 
Material 2 wt.% boron in 304 stainless 


steel, clad in 304L S.S. 
Rod dimensions, in. 


Poison diameter 0.75 
Cladding thickness 0.020 
Poison length 72 
Poison shims 
Number, maximum 56 
Shape Rectangular strip 
Material 0.20 wt.% boron in 304 S.S, 
Shim dimensions, in. 
Thickness 0.10 
Width 2254, 
Poison length 74 


Pressure Vessel and Core Structure 


The reactor pressure vessel, shown in Fig. 
VIII-2, has an inside diameter of 11 ft and an 
overall height of about 36 ft. The vessel and 
head are designed, constructed, and tested in 
accordance with Secs. VIII and IX of the ASME 
Boiler and Pressure Vessel Code as modified 
by Special Code Cases 1270N, 1271N, and 1273N. 
The design pressure is 700 psig at 500°F, and 
the integrated fast-neutron flux (>1 Mev) at the 
point of maximum exposure is calculated to be 
2 x 10'8 neutrons/cm? in 30 years. The vessel 
shell and lower head sections are fabricated 
from 3-in.-thick composite plate consisting of 
ASTM A-212 grade B carbon-steel base mate- 
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rial clad on the inside with '4-in.-thick type 
304L stainless steel. The hemispherical portion 
of the upper head is formed from 2°%%-in. -thick 
A-212 grade B plate with ‘4-in. 304L cladding. 
The bond between the stainless steel and carbon 
steel of the composite plate is effected by hot 
rolling, and weld joints and carbon-steel forg- 
ings are clad with weld-deposited niobium- 
stabilized stainless steel. 

The upper vessel opening has a clearance 
diameter of 7 ft 7 in., which provides sufficient 
space for the removal of the core grid plate. 
Three positioning studs in the vessel flange lo- 
cate the head with respect to the vessel, and the 
main closure bolting consists of 48 studs and 
nuts that are 3 in. in diameter. The vessel- 
closure seal utilizes two concentric, corrugated, 
stainless-jacketed soft-iron-core gaskets. 

The reactor vessel head and closure region 
are separated from the shield-pool water by a 
steel cover that contains a layer of metallic 
thermal insulation. The arrangement of this 
cover and its connection to the shield-pool 
floor are shown in Fig. VII-6. The space be- 
tween the vessel and concrete biological shield 
beneath the shield pool is sealed off by the pool 
floor and a stainless-steel expansion bellows 
that permits a l-in. differential expansion be- 
tween the vessel and shield-pool floor. The 
vessel proper is insulated with 4 in. of calcium 
Silicate and is held in its cavity by five steel 
support columns that transfer the vessel load to 
Spread footings embedded in reinforced con- 
crete. Thermal expansion of the vessel in the 
radial direction is absorbed by flexing of the 
columns. 

The following are the 32 penetrations of the 
vessel: 








Inside 
diameter, 
Description No. in. Location 

Nozzles to recirculation 

pumps 3 20 Below core 
Nozzles from recircula- 

tion pumps 3 201% Below core 
Steam-outlet nozzle 1 16% Below 

supe rheater 

Feedwater nozzle 1 9°/, Below core 
Boiler-core instrument 

nozzle 1 6% Above core 
Lower liquid-level nozzle 1 2% Below core 
Control-rod-drive nozzles 20 3 Vessel head 
Superheater core-instru- 

ment nozzle 1 14 Vessel head 
Upper liquid-level nozzle 1 VA Vessel head 
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The arrangement of major components within 
the pressure vessel is illustrated by Figs. VIII-2 
and VIII-7. The principal components that are 
not part of the core structure are the feedwater 
distribution ring, the steam separators, and the 
steam dryer. 

As shown in Fig. VIII-2, the feedwater dis- 
tribution ring, which is a 5-in.-diameter pipe, 
is supported by brackets attached to the vessel 
wall. Steam separators, shown in Fig. VIII-8, 
Occupy the annular downcomer region in the 
Pathfinder reactor. These separators, which 
handle about 20% of the steam produced, help 
reduce steam carryunder into the recirculation 
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pump suctions to about 0.1% by volume. At nor- 
mal operating conditions the total maximum- 
pressure drop through the separators is 5!/, ft 
of water. The steam separators, which are 
installed in groups, rest on a support shelf 
mounted on brackets welded directly to the 
lower portion of the reactor vessel. They are 
aligned near their tops and are held down axially 
by brackets that extend under the boiler-element 
hold-down structure described in a subsequent 
paragraph. 

The steam-dryer assembly, which can be 
seen in Fig. VUI-2, occupies the annular space 
between the superheater chimney and the inside 
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Fig. VIII-6 Vessel head cover 
of the Pathfinder reactor, 
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Fig. VIII-7 Horizontal section of the Pathfinder reactor. 


surface of the pressure-vessel neck. In addi- 
tion to its intended function of removing the 
trace amounts of moisture that remain in the 
steam after natural separation, the dryer as- 
sembly serves the structural purpose of pro- 
viding a connection between the superheater and 
the reactor vessel, thereby stabilizing the su- 
perheater structural assembly. The dryer as- 
sembly also supports the upper control-rod 
guide tubes, which protect and guide the control- 
rod-drive rack and latch as shownin Fig. VIII-2. 

The basic structural member of the boiler 
section of the core is the boiler grid plate, 
which is bolted and doweled to a support skirt 
welded permanently into the pressure vessel. 
The support skirt, as shown in Fig. VHI-2, is 
the member that provides separation between 
the downward-flowing feedwater anddowncomer 
water and the upward-flowing recirculation 
water just prior to its entry into the bottom of 
the boiler region. The boiler grid plate is a 
sandwich type structure formed by 2-in.-thick 
top and bottom plates that are welded around 
their peripheries to a spacer ring that gives 
the assembly an 8-in. overall thickness. Re- 


ceptacles for the nozzle portions of the boiler 
fuel assemblies are formed in the grid plate by 
welding individual pipes between the top and 
bottom plates. A cylindrical baffle, which is 
attached at its bottom to the boiler grid plate, 
Surrounds the boiler region of the core. This 
baffle, which defines the outer limit of the fueled 
region of the reactor, is, like the boiler grid 
plate and support skirt, a permanent piece of 
the vessel internal structure. 

The boiler-element hold-down structure con- 
sists of a welded grid of stainless-steel bars 
which is positioned and locked on top of the 
boiler baffle after the core is loaded with fuel. 
The bars of the grid contact the tops of the 
boiler fuel elements and preload the thermal- 
expansion springs at the bottom nozzles of the 
elements. Upper control-rod guide tubes, which 
Shield the control rods from hydraulic loads 
due to the coolant flowing toward the downcomer 
region, are held by the hold-down structure, as 
are lugs of the steam-Separator groups in the 
downcomer annulus. Individual channels for fue} 
assemblies and control rods are provided in the 
active core space between the boiler grid plate 
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and the boiler-element hold-down structure. for fuel elements, for control-rod guidance, and 
These channels are formed by components for a neutron source. All tubes are held in ver- 
called boiler fuel boxes, which are of two dif- tical alignment by a top tube sheet, by inter- 
ferent types. There are 16 four-element boxes mediate steady plates, and by a bottom grid 
and 32 single-element boxes, all formed of plate. The fueled portion of the superheater is 
Zircaloy-2. The four-element boxes are about surrounded by a vertical baffle, and other ver- 
10%, in. Square, and contain, in addition to the tical structural members extend the overall 
four square channels for boiler fuel assem- height of the assembly from a point below the 
blies, a cruciform channel for a boiler control active core region (at the superheater support 
rod. The single-element boxes, which are about plate shown in Fig. VIII-2) to the steam-dryer 
5 in. square and hold one boiler fuel assembly assembly at the top of the reactor vessel. The 
each, have slots milled in their outer surfaces Space between the tubes in the superheater re- 
to accommodate burnable-poison shims. gion is filled with water moderator that mixes 

The superheater structure, which resembles with the recirculation water above and below 
a tube type heat exchanger, is shown in Figs. the boiler core. Each superheater fuel assem- 


VIII-2 and VIII-7. The assembly contains tubes bly fits inside a double-walled process tube 
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Fig. VIII-8 Steam separator of the Pathfinder reactor. 
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that contains a layer of stagnant steam for 
thermal insulation between the water moderator 
and the superheated-steam coolant. 


Control and Instrumentation 


The specified mode of operation of the plant 
calls for manual control of reactivity and for 
automatic control of pressure. Reactor power 
is controlled by movement of the control rods or 
by positioning the recirculation-pump discharge 
valves (the amount of moderator passing through 
the core can be varied by throttling recircula- 
tion flow with butterfly valves installed on the 
recirculation-pump discharge side). Reactor 
pressure is normally controlled by positioning 
the turbine inlet valves or by a regulating dump 
valve. If necessary, reactor steam can be 
dumped to the condenser through the regulating 
dump valve. 


Rate of withdrawal of reactor control rods is 
limited to a value that causes a reactivity in- 
sertion of about 5 cents/sec for any control 
rod. Similarly, the operators of the pump dis- 
charge valves have been selected so that recir- 
culation rate changes will not cause reactivity- 
insertion rates greater than 5 cents/sec. 
Interlocks prevent movement of the recircula- 
tion-pump discharge valves when control rods 
are being moved, and no pump may be Started 
with its discharge valve wide open. Only one 
control rod at a time can be raised. 


In addition to the control devices already 
mentioned, a boron-injection safety shutdown 
system is provided, This system utilizes two 
positive displacement pumps, which normally 
supply seal water to the recirculation-pump 
discharge pipe at a point between the pump- 
discharge butterfly valve and the reactor. The 
system provides 4% negative reactivity under 
all reactor operating or nonoperating condi- 
tions, with or without the reactor vessel open 
to the shield pool. With the reactor head on, 
and with both injection pumps running, the 4% 
negative-reactivity addition is accomplished in 
4 min. 

The automatic pressure-control system uses 
steam-line pressure as its primary Signal and 
superheater exit temperature as a secondary 
signal. The set point of the system is adjustable 
over a range of 0 to 800 psig. The superheater 
exit-temperature signal is used to modify the 
primary pressure Signal in order to speed the 
response of steam flow to reactor power during 
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transients, thereby reducing the temperature 
rise in the transient. 

A block diagram of the Pathfinder nuclear- 
instrumentation system was givenin Power Re- 
actor Technology, 5(2): 69, as was the range 
covered by each of the eight neutron-detecting 
channels. The two functions of the nuclear in- 
strumentation system are (1) to provide infor- 
mation to the reactor operator so that he can 
manually adjust the reactivity level in the reac- 
tor and (2) to furnish input information to the 
plant’s automatic shutdown system. 

Although the first core will contain in-core 
neutron-flux monitors to obtain experimental 
information, it is not planned to include such 
devices in subsequent cores. The first-core 
installation consists of nine ionization cham- 
bers, placed at three radial locations in three 
superheater process tubes that contain no fuel. 
At each of the three radial locations, chambers 
will be placed at three axial positions. Readout 
instrumentation provides for the simultaneous 
reading or recording of information from any 
three of the nine chambers. 


Control-rod withdrawal rate, in./min 
(only one rod may be withdrawn 


at a time) 
Outer eight boiler rods 72 
Inner eight boiler rods 26 
Superheater rods 72 
Reactivity insertion rate, any single 
rod, cents/sec 5 


Recirculation flow 
Maximum rate of change, gal/min/sec 455 
Equivalent rod-withdrawal reactivity 


insertion, cents/sec 5 
Boron-injection system 

Solution 121⁄% disodium 
octaborate 
tetrahydrate 

Storage pressure and temperature Atmospheric 

Volume, gal 1000 

Injection time for 1000 gal, min 18 


Recirculation System 


The reactor recirculation system consists of 
three loops, each containing a pump, two but- 
terfly valves, and piping. The pumps, which 
provide the forced circulation of coolant and 
moderator required by the reactor plant, are 
vertical, mixed-flow units mounted on special 
structures that permit horizontal movement. 
This freedom of movement in the horizontal 
plane minimizes external forces on the pump 
casing due to thermal expansion of the piping. 
Bushing type shaft seals, with water injection, 
prevent leakage of the primary coolant to the 
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Fig. VII-9 Transition joint in recirculation piping 
in the Pathfinder reactor. 


atmosphere. Backup sealing is provided by me- 
chanical, spring-loaded face seals and labyrinth 
bushings on each shaft. Dual seal-injection 
pumps are provided, with automatic transfer 
from one pump to the other. 

A butterfly valve is located at the suction and 
another at the discharge of each recirculation 
pump. The stainless-steel valves, rated for a 
50-psi maximum differential pressure across 
the disk, employ stuffing-box shaft seals. Both 
the suction and the discharge valves can be 
closed during shutdown to permit isolation of a 
recirculation pump for maintenance. 

The recirculation piping includes both solid- 
stainless-steel pipe and stainless-clad carbon- 
steel pipe. The transition from the stainless 
pipe to the carbon pipe is accomplished by ma- 
chining a 15° taper on the end of the clad pipe 
and then overlaying this taper with stainless 
steel. The joint is illustrated in Fig. VIII-9. 


Recirculation pumps 


Number 3 (one per loop) 
Type Vertical, mixed flow 
Nozzle diameter, in. 

Suction 22 

Discharge 22 


Rated flow each, gal/min 21,600 
Developed head at rated flow, ft 71 
Drive motor 
Type 600 rpm induction 
Power requirements 400 hp, 2300 volt, 
3 phase 
Butterfly valves 


Number 6 (two per loop) 
Pressure rating, psig 700 

Maximum AP across disk, psi 50 

Drives Electric motors 
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Piping 
Outside diameter, in. 
Reactor to pumps 22 
Pumps to reactor 22 


Minimum fundamental natural 


frequency of piping loops 1.5 X pump rpm 


Turbine-Generator, Condensate, 
and Feedwater Systems 


Superheated steam flows from the reactor to 
the turbine through a single main line. The line 
is equipped with a motor-operated isolation 
valve which is located within the reactor build- 
ing and which is tripped on scrams requiring 
isolation of the containment building. At the 
turbine the main steam line divides into two 
smaller lines, each of which is equipped with a 
turbine trip valve. Four bellows-sealed safety 
valves, installed on a common 10-in. header, 
are located in the main steam line between the 
reactor and the isolation valve. The safety 
valves discharge through flexible connections 
to a common 14-in. discharge line that connects 
to the condenser desuperheater pipe. 


The turbine is a tandem-compound double- 
flow unit that utilizes special shaft seals sup- 
plied with nonradioactive sealing steam from 
a gland steam evaporator. The regular gland 
steam evaporator utilizes reactor steam to 
boil demineralized water, and an auxiliary 
gland steam generator, fired with oil or gas, is 
used during startup and shutdown and as a 
standby for the regular unit. The turbine sup- 
plies steam to four feedwater heaters as indi- 
cated in Fig. VIII-1. 


The two-pass surface condenser is equipped 
with an oversized hot well that provides storage 
space for the water used to flood the reactor 
steam dome and superheater during shutdown. 
A desuperheater pipe, which is located above 
the hot well, accepts steam which is bypassed 
around the turbine or which is relieved through 
the reactor safety valves. Temperature of the 
bypassed or relieved steam is reduced in the 
desuperheater by condensate that is injected 
into the steam through spray nozzles. Con- 
denser circulating water comes from the basin 
of a cross-flow induced-draft cooling tower, 
and makeup water for the cooling tower is 
pumped from the Big Sioux River. 


After being drawn from the hot well by con- 
densate pumps, the feedwater passes through 
three low-pressure heaters, a full-flow filter, 
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a feed pump, and a high-pressure heater. A 
parallel arrangement is employed for all pumps 
and filters, and, since each unit is sized for full 
normal flow, a standby is provided. Each feed- 
water heater is equipped with a bypass line. 
Makeup water is supplied to the condenser hot 
well from ademineralized-water storage tank. 


An emergency shutdown condenser, cooled by 
shield-pool water, is used to condense reactor 
steam following a scram that requires isolation 
of the containment building. 


Reactor Building 


Circular- Track Crane 
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Steam line 
Diameter, in. 
Thickness 
Steel 
Insulation thickness, in. 
Turbine-generator 
Speed, rpm 
Rating, Mw (e) 
Generator 


Condenser 
Design heat load, 10° Btu/hr 
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16 

Schedule 60 
A-335 grade P11 
5 


3600 

66 

Direct-coupled 
hydrogen- 
cooled type 


435 


Vacuum for design heat load, in. Hg 28.5 


Recirculation Pump 


57'6' Above Grade 


Recirculation- 
Water Inlet 


Butterfly Valves 





63 O'Below Grade 





Fig. VIH-10 Vertical section through the containment building of the Pathfinder Atomic Power Plant. 
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Plant Arrangement and Containment 


The reactor and recirculation system are 
enclosed in a cylindrical containment vesse1. 
Figure VIH-10, a vertical section through the 
containment vessel, and Fig. VHIII-11, a hori- 
zontal section through the plant, illustrate the 
arrangement of the major components. Access 
to the containment is through a normal] airlock, 
an emergency airlock, or an 11-ft-diameter 
circular equipment door that is bolted and 
sealed to the shell. Approximately the bottom 
half of the reactor containment vessel is below 
grade: the upper half of the vessel is insulated 
on its outside down to an elevation 5 ft below 
ground level. 
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Containment vessel 
Shape 


Inside diameter, ft 
Inside height, ft 
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Cylindrical, with hemi- 
spherical top and 
ellipsoidal bottom 

50 

120.5 


Height of cylindrical section, 


ft 


83 


Height of portion below grade, 


ft 
Material 
Thickness, in. 
Top 
Walls and bottom 
Design internal pressure, 
psig 
Maximum leakage rate at 


63 
Carbon steel 


a 
1% 


78 


design pressure, % of con- 


tained volume per day 
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Fig. VIII-11 Horizontal section of the Pathfinder Atomic Power Plant. 
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Purification and Radioactive. 
Waste Disposal 


Noncondensable radioactive gases, which 
originate in the reactor, pass with the steam to 
the main condenser where they are removed by 
air ejectors. The oxygen and hydrogen formed 
by dissociation of water in the reactor are 
passed through a catalytic recombiner located 
after the second-stage nozzle of the airejector, 
as shown in Fig. VIII-12. The discharged gas 
stream from the recombiner is passed through 
a shielded holdup pipe that provides decay time 
for short-lived radioactive nuclides. The gases 
are then moved by a compressor through a baf- 
fled holdup tank that provides additional decay 
time, thence through a filter, and finally to the 
plant stack. Ventilation air from the area around 
the reactor proper, and from equipment and 
tank-vent discharges, is also discharged to the 
stack. Radioactive gases introduced into the 
stack are mixed with the normal containment 
ventilation flow before discharge. 

Radioactive solid-waste material will gen- 
erally be collected, packaged, and shipped off 
site for disposal or processing. Spent ion- 
exchange resins and filter material will be 
sluiced to storage tanks where, after concen- 
trating by sedimentation, the wastes will be 
stored for a decay period and then placed in 
containers for off-site shipment. Estimated 


Second-Stage Jets 
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quantities of solid waste are shown in the tabu- 
lation below. 

Radioactive liquid wastes will be processed by 
filtration, demineralization, sedimentation, de- 
cay, and/or dilution. After processing has re- 
duced radioactivity levels to acceptable values, 
the processed water will be returned to its sys- 
tem for reuse or will be discharged to the river. 
The capacities of tanks in the liquid-waste sys- 
tems are given in the following tabulation: 


Plant stack 
Height above grade, ft 107 
Minimum flow during operation, cfm 25,000 
Estimated quantities of solid wastes 
Combustible wastes, lb/year 10,000 
Noncombustible wastes, lb/year 2000 
Filter cartridges, lb/year 1000 
Spent resins, cu ft/year 350 
Filter backwash materials, lb/year 1000 
Liquid-waste system tank capacities, gal 
Four tanks for low solids holdup 3000 each 
Waste surge 1000 
Reclaimed water 3000 
Neutralizing holdup 300 
Neutralizing tank 1500 
High-solids holdup 2000 
Concentrated waste storage 2000 
Sumps 7200 


BONUS Power Station 


The reactor of the BONUS power station’ 
reached criticality in April 1964. The follow- 
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Fig. VIII-12 Gaseous waste-disposal system of the Pathfinder Atomic Power Plant. 
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ing material on BONUS is presented, for the 
reader’s convenience, in the same general for- 
mat as in the above description of the Path- 
finder plant. Another review, in considerably 
less detail, appeared in Power Reactor Tech- 
nology, 3(4): 68-74. 

The BONUS plant, a joint construction project 
of the Puerto Rico Water Resources Authority 
(PRWRA) and the USAEC, is located at Punta 
Higuera, near Rincon, P. R. It was designed by 
the General Nuclear Engineering Corporation 
and PRWRA. Its operation, after testing, will 
be the responsibility of the PRWRA. 

The two-region core of the reactor consists 
of a central boiler region and a peripheral su- 
perheater region. Superheated steam produced 
in the reactor is fed directly to a condensing 
steam turbine, and feedwater from the conden- 
sate system is returned to the reactor vessel, 
where it mixes with the reactor recirculating 
water. Recirculation loops located external to 
the reactor vessel provide forced coolant flow 
through the boiler region of the core. The 
Zircaloy-2-clad boiler fuel elements contain 
natural or slightly enriched uranium dioxide. 
The Inconel-clad superheater elements also 
contain uranium dioxide but of a slightly higher 
enrichment. The entire power plant is housed 
in a large, low-pressure containment vessel. 
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A simplified flow diagram of the plant is 
given in Fig. VHI-13, and the following are the 
principal characteristics: 


Power, boiler region, kw 37,000 
Power, superheater region, kw 13,000 
Total core power, kw 50,000 
Gross electrical capability, kw 17,500 
Net electrical output, kw 16,500 
Net efficiency, % 33 
Steam outlet pressure, psig 865 
Reactor operating pressure, psig 950 
Temperature, boiler region, °F 540 
Outlet temperature, superheater 

region, °F 900 
Reactor steam flow at rated power 

(approximate), lb/hr 152,000 


Recirculation rate, gal/min 8660 

Containment-vessel size, ft Hemisphere on top 
of short cylinder, 
167 (dia.) 

Reactor vessel size, ft 7.5 (OD) by 27 

Overall core dimensions, height and 

diameter, ft 
Fuel, boiler region (Zircaloy-clad) 


4.55 by 4.83 
Natural and 2.4% 
enriched UO, 
Fuel, superheater region 
(Inconel-clad) 3.25% enriched UO, 
Fuel loading, boiler region, kg 235U 61.2 
Fuel loading, superheater region, 
kg 235U 52.8 
Average heat flux, boiler region, 


















Btu/(hr)(sq ft) 106,000 
Average heat flux, superheater 
region Btu/(hr)(sq ft) 66,000 
Maximum heat flux, boiler region, 
Btu/(hr)(sq ft) 367,000 
Maximum heat flux, superheater 
region, Btu/(hr)(sq ft) 201,000 
To 
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Fig. VIII-13 Simplified flow diagram, BONUS power station. 
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General Reactor Features 


The arrangement of the major reactor com- 
ponents and the locations of piping connections 
to the pressure vessel are shown in Figs. 
VITI-14 and VIII-15. Recirculation water enters 
the reactor vessel through a bottom central 
nozzle and flows upward within the vessel to 
enter the bottom of the boiler fuel assemblies. 
The slightly subcooled water is heated as it 
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progresses upward through the boiler assem- 
blies, and à net steam generation occurs. The 
steam-water mixture formed in the boiler fuel 
assemblies continues to move upward after it 
leaves the active core region and passes through 
the cells of the eggcrate superstructure. At the 
steam-water interface and in the steam dome 
above the interface, gravitational separation of 
water and steam takes place. The water thes 
passes downward through the annular down- 
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Fig. VIII-14 Pressure-vessel cross sections of the BONUS reactor. 
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comer region between the reactor core and the 
pressure-vessel wall, where it mixes with the 
feedwater. The recirculation flow, consisting of 
the downcomer and feedwater flows, thenleaves 
the pressure vessel through two outlet pipes. 
The steam, which still contains traces of water, 
passes through dryer/preheater units located 
near the top of the reactor vessel, after which 
it enters individual superheater inlet pipes. It 
then flows downward through these individual 
pipes to the superheater fuel assemblies that 
are at the elevation of the active core. The 
steam passes through the superheater fuel as- 
semblies and then returns, through individual 
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superheater-assembly outlet pipes, to the upper 
portion of the pressure vessel. It is then fed 
from the outlet pipes to collection headers, 
from which several small pipes leave the reac- 
tor vessel through superheated-steam outlet 
nozzles. 

The boiler region of the core contains 64 fuel 
assemblies, each about 4!/, in. square by 5!/, ft 
long. The 32 fuel assemblies of the superheater 
region are arranged in 4 groups of 8 assem- 
blies each around the square boiler region of 
the core. Reactor power level is controlled by 
a system of control rods that are located in the 
boiler region and in the space between the 





Reactor Pressure-Vessel Shell 
Thermal Shield 

Core Support Barrel 

Boron Injection Line 
Feedwater Distribution Ring 
Reactor Core Structure 
Boiler Fuel Assemblies 
Superheater Fuel Assemblies 
Reactor Vesse! Support Skirt 
1O Superheated Steam Nozzles 
14 Lead Shield Ring 

12 Control-Rod Extension Shaft 
13 Steam Dryer/ Preheater 

14 Emergency Core Spray Header 
{5 Top Closure Flange 

{6 Control-Rod-Drive Thimbles 


ç O@ + @ Q $£ O! n — 


Fig. VIII-15 Perspective view of pressure vessel and internals of the BONUS reactor. 
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boiler and superheater regions. The rods are 
top-driven, and their actuators are mounted on 
the reactor vessel head. 


The reactor vessel is carbon steel and is 
clad internally with stainless steel; the major 
internal structural members and the recircula- 
tion piping are stainless steel. 


Boiler Fuel 


A boiler fuel assembly and a boiler fuel rod 
are shown in perspective in Fig. VIII-16, and 


Boiler Fuel 
Assembly 
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horizontal cross sections through the rod and 
the assembly are given in Fig. VIII-17. Each 
assembly consists of a square Zircaloy-2 outer 
box, stainless-steel top and bottom end fittings, 
and two bundles of Zircaloy-clad fuel rods. The 
two bundles of rods are placed one on top 
of the other inside the Zircaloy-2 outer box, 
and each bundle consists of an inner and an 
outer Zircaloy-2 grid plate, a central square 
Zircaloy-2 tube, and 32 Zircaloy-clad fuel rods 
that contain the UO, fuel. The inner grid plates 
are those which occupy positions nearer the 
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Fig. VIII-16 Perspective view of boiler fuel assembly of the BONUS reactor. 
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Zircaloy- 2 Clodding 
0.500" 0.D. by 0.025" 
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Fig. VIII-17 Boiler fuel-assembly cross sections of 
the BONUS reactor. 


vertical midpoint of the fuel assembly, and the 
outer grid plates are those which are located at 
the top and bottom of the fuel assembly. The 
fuel rod shown in Fig. VIII-16 is in the vertical 
orientation of those rods which comprise the 
upper bundle. In the lower bundle the end of the 
fuel rod which contains the internal spring would 
be located at the bottom of the bundle. The fuel 
rods in each bundle are welded at their inner 
end caps to their inner grids. The inner grids 
as well as the outer grids of each bundle are 
welded to the fuel-assembly outer box, but the 
fuel rods are not welded to their outer grid 
plates; consequently the outer grid plates pro- 
vide only radial spacing of the fuel rods, and 
the rods are free to expand axially to accommo- 
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date differential thermal growth. The upper- 
bundle rods expand upward, whereas the lower- 
bundle rods expand downward from the center 
of the boiler fuel assembly. 


The fuel rods are arranged in 6 by 6 square 
lattice with the four central rods removed. 
This nonfueled axial region along the center 
line of the fuel assembly is occupied by a cen- 
tral Zircaloy box. The volume inside the cen- 
tral box is occupied by water that enters the 
region through an orifice at the inlet end of the 
bottom fuel bundle. The flow to the region is 
sufficient to prevent formation of steam by 
gamma and neutron heating. The central-box 
region can also contain removable poison shims 
that are used for axial and radial shaping of 
the power pattern in the boiling zone. 


Boiler-region-component specifications and 
performance data are given in the following 
table. 


Boiler core region 


Size and geometry of active core, in. 35.4 square by 


54.6 high 
Effective outside diameter, ft 3.34 
Moderator and reflector material H,O 
Structural metal within active core Zircaloy-2 
Fuel material UO,, sintered 

pellets 
Number of fuel assemblies 64 
Fuel loading, tons uranium element 2.81 


Initial fuel enrichment, wt.% *u 


Average specific power, Mw(t)/ton 


0.71 (natural U) 
in four central 
assemblies; 
2.4 in remain- 
ing 60 assem- 
blies 


uranium element 13.2 
Average region power density, 
kw(t)/liter of region 33.6 
H,O/UO, volume ratio (without con- 
trol rods; superheater unflooded) 2.4 
Total steam flow from coolant 
channels, lb/hr 143,000 
Total steam flow from moderator, 
lb/hr 9000 
Total water flow to coolant channels, 
lb/hr 3.226 x 108 
Total water flow to moderator, lb/hr 134,000 
Total water flow to reactor vessel, 
lb/hr 3.360 x 10° 
Volume composition of active 
core, % 
Water moderator other than 
coolant 25.2 
UO, fuel 25.4 
Coolant, steam-water 35.1 
Structural metal, Zircaloy-2 7.6 
Fuel cladding, Zircaloy-2 6.1 
Helium fuel-to-cladding thermal 
bond 0.6 
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Boiler fuel assembly 


Fuel elements per assembly 

Fuel-element pitch, in. 

Assembly structural material 

Assembly-can outside dimensions, 
in. 

Can wall thickness, in. 

Central-moderator tube 

Moderator-tube outside dimensions, 
in. 

Moderator-tube wall thickness, in. 

Fuel-cladding outside diameter, in. 


Boiler fuel element 


Element type 
Fuel type 


Total length of fuel, in. 

Fue] length per rod segment, in. 
Fuel-cladding material 
Fuel-cladding outside diameter, in. 
Fuel-cladding thickness, in, 
Fuel-to-cladding thermal bond 
Thermal bond thickness, in. 

UO, fuel-pellet diameter, in. 


Boiler heat transfer and fluid flow 


Net heat generation in fuel at 100% 
full power, Mwi(t) 
Heat loss to moderator by gamma 
and neutron radiation, Mw (t) 
Heat transferred through fuel 
cladding, Mw (t) 
Net heat transferred to modera- 
tor, Mw(t) 
Average heat flux, Btu/(hr)(sq ft) 
Maximum heat flux, Btu/(hr)(sq ft) 
Burnout heat flux, Btu/(hr)(sq ft) 
Nominal operating pressure, psig 
Water saturation temperature, °F 
Coolant exit temperature, °F 
Coolant inlet temperature, °F 
Feedwater temperature, °F 
Inlet subcooling, °F 
Inlet subcooling, Btu/lb 
Average inlet velocity in coolant 
channels, water, ft/sec 
Average exit velocity in coolant 
channels, water, ft/sec 
Maximum exit velocity in coolant 
channels, water, ft/sec 
Maximum fuel-cladding temp., °F 
Fuel-cladding melting point, °F 
Maximum UO, fuel centerline 
temp., °F 
Maximum UO, fuel surface tempera- 
ture, °F 
Average UO, fuel temperature over 
region, °F 
UO, fue1 melting point, °F 
Fraction of total active coolant- 
channel height in boiling 
Fraction of water-coolant-channel 
volume in total water of region 
Average steam volume fraction in 
total water of region 
Average steam volume fraction over 
total active height of coolant 
channels 


POWER REACTOR TECHNOLOGY 


32 
0.625 
Zircaloy-2 


3.990 square 
0.086 
Square 


1.200 by 1.200 
0.030 
0.500 


Rod, segmented 

UO,, sintered 
pellets 

54.0 

27.0 

Zircaloy-2 

0.500 

0.025 

Helium 

0.0025 

0.445 


37.0 
0.44 
36.3 


0.7 
106,000 
367,000 
>750,000 
950 (exit) 
540 

540 

532 

354 

8 

9.8 


6.3 
9.3 
16.0 
650 
3350 
4140 


1040 


1200 
5000 
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Average steam volume fraction in 

boiling section of coolant channels 0.28 
Average steam volume fraction at 

exit of coolant channels 0.42 
Maximum steam volume fraction at 

exit of coolant channels 0.450 
Average exit steam volume fraction 

in total water of region 0.290 
Average steam quality at exit of 

coolant channels 0.0443 


Minimum inlet operating pressure, 
psig 950 
Region pressure drop, psi 8.4 


Superheater Fuel 


A perspective drawing of the superheater fuel 
assembly is given as Fig. VIII-18, and cross- 
section dimensions of the assembly and a fuel 
rod are shown in Fig. VII-19. Overall height 
of the assembly, including the standpipes and 
connectors, is 18 ft 8 in., and its total weight is 
325 lb. Steam makes four passes in traversing 
the superheater assembly, so the flow velocity 
is relatively high and the heat-transfer coeffi- 
cient is relatively good. Steam is channeled to 
the assembly through the inlet standpipe and 
commences its first pass through the assembly 
from the top. At the bottom of the assembly, the 
steam reverses direction and flows upward 
through the second-pass fuel elements, reverses 
again at the top of the assembly, flows down- 
ward through the third-pass elements, reverses 
again at the bottom of the assembly, and com- 
pletes its passage through the fueled region by 
flowing upward through the fourth-, and final, 
pass elements to the outlet standpipe. Each of 
the four passes in an individual fuel assembly 
contains eight superheater fuel rods spaced in 
two clusters of four each, as shown in Fig. 
VIII-19. The standpipes are equpped with con- 
nectors that permit the fueled portion of the as- 
sembly to be uncoupled, rotated 180°, and re- 
coupled, thereby reversing the position of the 
individual fuel rods relative to the radia] power 
distribution and permitting a more nearly uni- 
form burnup of the fuel. 

The basic flow channels in the superheater 
assembly are formed by stainless-steel pres- 
sure tubes that are brazed to top and bottom 
tube-sheet structures. The stainless-steel cast- 
ings that form the top and bottom tube-sheet 
assemblies are similar in design except for the 
number and location of pass-divider walls. The 
lower tube sheet has a single, split-wall pass 
divider that separates the crossover plenum 
for the first and second passes from the cross- 
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over plenum of the last two passes. The upper 
tube sheet has two divider walls that separate 
the inlet and outlet connection plenums from the 
crossover plenum between the second and third 
passes. Each plenum in the assembly is lined 
with a thin-walled member that prevents contact 
between the superheated steam and the rela- 
tively cool walls of the tube-sheet structure. 
The space between the liner and the structural 
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walls is filled with stagnant steam and acts as 
an insulator to reduce heat losses to the mod- 
erator. The liners slide over the coolant tubes 
to accommodate differential expansion. The 
tube portion of the superheater fuel assembly is 
enclosed by a protective Zircaloy-2 shroud. 
The basic fuel element of the superheater 
assembly consists of a clad fuel rod, formed 
from cylindrical pellets of UO,, and a concen- 





Superheater Standpipes 
& Connectors 





Superheater 
Fuel Element 


{ Pass Crossover Flow Liner IO Superheated-Steam Outlet 
2 Upper Tube Sheet Stand pipe 
3 Emergency Spray Pan 11 Steel Radiation Shield 
4 Protective Shroud 42 Saturated-Steam Inlet 
5 Lower Tube Sheet Standpipe 
6 Support Spring {3 Upper End Cap 
7 Tube Support Ferrules 44 Coolant Tube 
8 Extension Bellows 45 Fuel Pellet 

as E 9 Connectors for Rotating 46 Pressure Tube 

Superheoter Fuel Assembly Fuel Assembly {7 Lower End Cap 


Fig. VIU-18 Perspective view of superheater fuel assembly of the BONUS reactor. 
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Super heater Fuel Assembly 


Fig. VUI-19 Superheater fuel-assembly details, 
BONUS reactor. 


tric coolant tube that forms an annular flow 
channel, The pellets are concave at each end to 
permit thermal growth of the central, hot- 
test zone of the pellet relative to the cooler, 
cladding-restrained surface. Fission-gas space 
is provided at each end of the fueled portion of 
the rod between the last pellet and the welded 
end closure. 
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The coolant tube, which forms the flow annu- 
lus around the superheater rod, is welded tothe 
top end closure of the rod. Radial positioning of 
the coolant tube relative to the fuel rod is ac- 
complished by four spacer rings with radial 
guides that are brazed to the fuel cladding and 
by similar type radial lugs that are cast inte- 
gral with the bottom closure of the rod. The 
coolant tube is not affixed to these radial guides. 


Each fuel element is brazed to its super- 
heater-assembly pressure tube at the top, and 
four split-ring spring spacers are brazed to the 
outside of the coolant tube to maintain concen- 
tricity between the fuel element and the pres- 
sure tube. The space between the coolant tube 
and the pressure tube is occupied by stagnant 
steam that acts as insulation between the super- 
heated steam within the flow tube and the satu- 
rated moderator water on the outside of the 
pressure tube. Thermal expansion of the coolant 
tube and fuel tube relative to each other and to 
the pressure tube is downward from the top of 
the assembly. 


Both the saturated-steam inlet and super- 
heated-steam outlet pipes, which are welded to 
the top tube-sheet structure of the fuel assem- 
bly, are concentric-tube units that contain radi- 
ation shield plugs within the inner tube. The in- 
sulating steam gap between the concentric tubes 
of the inlet and outlet pipes is maintained by 
spacers that are welded to the inner, or liner, 
tube, which, in turn, is welded at its midpoint 
to the outer tube of the assembly. 

Differential expansion of the superheater as- 
sembly relative to the pressure vessel is ac- 
commodated by the spring mounting that is in- 
tegral with the bottom tube-sheet assembly and 
by the deflection of an expansion bellows in the 
horizontal leg of the saturated-steam inlet line. 

Superheater data are given in the following 
table: 


Superheater core region 
Size and geometry of active core Four slabs adjacent 
to boiler region; 
35.2 in. by 9.8 in 


by 54.6 in each 


Effective outside diameter, ft 4.83 
Moderator and reflector mate- 
rial HO 
Structural metal within active Inconel, S.S and 
core Zircaloy-2 
Fuel material LO,, sintered peite:s 
Number of fuel assemblies 32 
Fuel loading, tons of uranium 
element 1.79 


Initial fuel enrichment, wt.% “Su 3.25 
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Average specific power, 
Mwi(t)/ton of uranium element 

Average region power density, 
kw (t)/liter of region 

H,O/UO, volume ratio (without 
control rods; superheater 
unflooded) 

Total steam flow from coolant 
channels, lb/hr 

Total steam flow from modera- 
tor, lb/hr 

Approximate volume composi- 

tion of active core, % 

Water moderator other than 
coolant 

UO, fuel 

Coolant, steam 

Steam insulation 

Structural metal 

Fuel cladding 


Superheater fuel assembly 


Fuel elements per assembly 

Fuel-element pitch, in. 

Assembly structural material 

Assembly-can outside dimen- 
sions, in. 

Can wall thickness, in. 

Thermal insulation within as- 
sembly 

Composition of pressure and 
coolant tubes 

Pressure tube outside diameter, 
in. 

Pressure tube inside diameter, 
in. 

Thickness of steam insulation 
annulus, in. 

Coolant tube outside diameter, 
in. 


Coolant tube inside diameter, in. 


Fuel cladding outside diameter, 
in. 

Thickness of steam coolant an- 
nulus, in. 

Superheater fuel element 

Element type 

Fuel type 

Total length of fuel, in. 

Fuel length per rod segment, in. 

Fuel cladding material 

Fuel cladding outside diameter, 
in. 

Fuel cladding thickness, in. 

UO, fuel-pellet diameter, in. 


Superheater heat transfer, fluid flow 


Net heat generation in fuel at 
100% full power, Mwi(t) 
Heat loss to moderator by 
gamma and neutron radia- 
tion, Mwi(t) 

Heat transferred through fuel 
cladding, Mwi(t) 

Insulation heat loss to moder- 
ator from coolant, Mw(t) 
Net heat transferred to cool- 

ant, Mw(t) 
Net heat transferred to mod- 
erator, Mw(t) 
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7.25 


3.85 
152,000 


9000 


58 

15 

13 

6 

2 Zircaloy-2; 5 S.S. 
2 Inconel 


32 
0.958 
Type 348 S.S. 


8.87 by 4.05 
0.032 


Stagnant steam 
Type 348 S.S. 
0.833 

0.797 

0.0315 


0.734 
0.710 


0.540 
0.089 


Full length 

UO,, sintered pellets 
54.6 

54.6 

Inconel 600 


0.540 


0.018 
0.500 


13.0 


Average heat flux, 


Btu/(hr)(sq ft) 66,000 
Maximum heat flux, 

Btu/(hr)(sq ft) 201,000 
Nominal operating pressure, 

inlet, psig 950 
Water-saturation temperature, 

°F 540 
Coolant exit temperature, °F 900 
Coolant inlet temperature, °F 540 
Average inlet velocity in coolant 

channels, steam, ft/sec 76.0 
Average exit velocity in coolant 

channels, steam, ft/sec 122 
Maximum exit velocity in cool- 

ant channels, steam, ft/sec 145 
Maximum fuel cladding tem- 

perature, °F 1175 
Maximum UO, fuel centerline 

temperature., °F 3160 
Maximum UO, fuel surface 

temperature, °F 1300 
Average UO, fuel temperature 

over region, °F 1400 
UO, fuel melting point, °F 5000 
Region pressure drop, psi 79.3 


Control Elements 


Reactivity control elements in the BONUS 
core include cruciform control rods located in 
the boiler region, slab control rods in the space 
between the boiler and superheater regions, 
boiler poison shims, boiler-superheater poison 
shims, and, possibly, superheater poison shims. 
In addition, the four natural-uranium boiler fuel 
assemblies located at the center of the core 
serve as rather massive elements which shim 
the reactivity and flatten the power. 

The poison subassembly ofthe cruciform con- 
trol rod consists of four thin, boron —stainless- 
steel angles that are spot welded together to 
form a member with a cruciform cross section. 
The cruciform poison section is joined to a 
cruciform guide shaft that in turn is welded to 
an extension shaft equipped with a disconnect 
fitting for the drive mechanism. In the fully in- 
serted position, the cruciform control rods ex- 
tend downward to a level 2 in. above the bottom 
of the fuel region. When fully withdrawn from 
the core, the rods extend downward to a point 
3 in. above the top of the fuel region. 

The slab control rods, which occupy channels 
located between the boiler and superheater re- 
gions of the core, are formed from boron— 
stainless-steel plate. The slab, which is stif- 
fened by a tee reinforcement, is joined toa tee- 
section guide shaft. As with the cruciform rods, 
the guide shaft of the slab rod is joined to an 
extension shaft that has the lower half of the 


— 


@° ee = _ 


fT gewrerenraae 


vy 


eye 


tne univer 


302 


drive-mechanism disconnect fitting at its upper 
end. Vertical disposition of the slab control rods 
relative to the active core region, in the fully 
inserted and the fully withdrawn positions, is 
the same as for the cruciform control rods. 
The boiler shim assemblies are positioned 
diagonally inside the central boxes of the boiler 
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fuel assemblies as shown in Fig. VIII-17. The 
shim assembly, shown in perspective in Fig. 
VIlI-20a, is basically a holder of boron — stain- 
less-steel strips. The assembly is designed so 
that different thicknesses and widths of shim 
strip may be accommodated in a standard me- 
chanical unit. Consequently the shim loading 
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Fig. VIII-20a@ Boiler shim assembly of the BONUS reactor. 
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can be adjusted in fine steps to match closely 
the requirements for power shaping, etc. 

The boiler-superheater shim assembly, shown 
in Fig. VIII-20b, is used to maintain the proper 
power distribution between the boiler and the 
superheater regions during the approach to equi- 
librium fuel cycle. As in the boiler shim as- 
semblies, the poison strength of the assembly 
can be preselected by loading it with various 
combinations of shim strips. 
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If it is necessary to decrease the power gen- 
eration in the superheater fuel zone relative to 
power generation in the boiler fuel zone, super- 
heater shim assemblies will be employed. The 
superheater shim assembly is a relatively sim- 
ple piece, consisting of a boron-—stainless-steel 
shim bar attached to a lifting fitting. 


Boiler control rods 


Number 9 

Number of drives 9 

Shape Cruciform 

Material 1.09 wt.% enriched 
boron S.S. (92 
wt.% 1B) 

Span, in. 7), 

Blade thickness, in. 0.125 

Poison length, in. 62% 

Superheater control rods 

Number 8 

Number of drives 8 

Shape Slab 

Material 1.09 wt.% enriched 
boron S.S. (92 
wt.% B) 

Span, in. 144% 

Blade thickness, in. 0.125 

Poison length, in. 6234 


Boiler and boiler-superheater shims 


Poison material 1.25 wt.% natural 


boron S.S. or 
type 304L S.S. 
Superheater shims 
Width, in. 1.0 
Thickness, in. 1, 


0.5 wt.% natural 
boron S.S. 


Material 


Pressure Vessel and Core Siructure 


The BONUS reactor pressure vessel is a 
hollow right-circular cylinder with an integral 
lower head and a removable upper head. The 
structural material of the vesselis carbon steel, 
and a weld-overlaid stainless-steel inside lining 
provides long-term corrosion resistance. At 
the closure end of the vessel, where the clear 
opening is 6 ft 4 in. in diameter, the seal is 
effected by double, stainless-steel O-rings. 
Thirty-six 3'4,-in.-diameter studs are used to 
secure the vessel top to the shell, and a leak- 
off connection is provided between the O-ring 
seal members to prevent leakage outside the 
vessel. The vessel is supported by a conical 
steel skirt welded to its outer wall. The skirt 
rests on a portion of the external shield and is 
welded to it to prevent lifting of the reactor 
vessel in the event of aprimary-system rupture 
accident. 


An internal thermal shield, consisting of a 
cylindrical piece of stainless steel, is supported 


Fig. VII-20% Boiler-superheater shim assembly of 
the BONUS reactor. 
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by brackets welded to the lower portions of the 
vessel wall. A unique feature in the BONUS re- 
actor vessel is the arrangement in the super- 
heated-steam outlet nozzles; the connecting 
steam piping not only extends outward from the 
nozzles but internal piping extends inward to 
the superheated-steam headers. The internal 
piping, which carries the superheated steam, 
is insulated from the nozzle forging by seven 
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layers of stainless-steel foil. A summary of 
reactor-vessel data and a list of nozzles are 
given at the end of this section. 

Figure VIII-21 is a perspective drawing of 
the reactor core structure. As shown in this 
figure and in Figs. VIII-14 and VII-15, the load 
of the reactor core structure is transferred to 
the bottom of the reactor pressure vessel by a 
conical support barrel. This barrel, which is 
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Fig. VIII-21 Perspective view of core structure of the BONUS reactor. 


Summer 1964 


Boiler Fuel Assembly 





Superheater Fuel Assembly 


Boiler Control Rod 
Boiler-Superheater Shim 
Superheater Control Rod 


Fig. VHI-22 Control-element locations in the BONUS 
reactor. 
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welded to the carbon-steel reactor vessel, con- 
tains an Inconel section that acts as a welded 
transition piece between the stainless-steel up- 
per section of the barrel and the reactor vessel 
so that stresses due to differential expansion 
are minimized. The core support barrel is at- 
tached at its upper end to the core support 
plate and supports this plate and the full core 
load. The barrel also serves as a flow barrier 
between the coolant-water inlet and the recir- 
culation-water outlets. The stainless-steel core 
plate contains holes that accept the bottom fit- 
tings of the boiler fuel assemblies, provides 
a mounting space for the superheater fuel- 
assembly supports, and furnishes a mounting 
for the core baffle support. The core baffle 
support transmits the load of the upper super- 
heater grid structure and the control-guide 
structure to the core support grid. Sway lugs 
are attached to brackets welded to the vessel 
wall at two elevations, and four emergency 
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cooling line brackets are welded to the vessel 
wall. Superheated-steam headers are mounted 
high in the reactor vessel, as are superheated- 
steam outlet pipes. Each header has four con- 
nector flanges to which superheater-assembly 
outlet standpipes are attached, and each super- 
heated steam outlet pipe has a single connector 
flange. The headers are supported by brackets 
that also serve to support the dryer/preheaters 
and to furnish the main alignment surface for 
the reactor-vessel internals. 

A boiler emergency spray header is attached 
by brackets to the underside of the vessel clo- 
sure head. 

Each boiler fuel assembly is supported di- 
rectly by the bottom grid and is held in place 
by a hold-down assembly that exerts a lateral 
force on each of four boiler assemblies through 
a wedging and spacing action. This force aligns 
the assemblies under the control-rod guide 
structure so that they cannot be removed as 
long as the hold-down assembly is in place. 

At each slab type control-rod position, 
Zircaloy-2 double-walled panels extend down- 
ward from the upper guide structure to the bot- 
tom grid. These panels serve the dual purpose 
of defining the slab control-rod channels and 
providing positions for the boiler-superheater 
shims. A horizontal cross section through the 
reactor core, which shows the locations of fuel 
and control assemblies, is shown in Fig. VIII-22. 


Pressure vessel 
Vessel shape 
Vessel wall composition 


Cylindrical 

ASTM A-212 grade B 
carbon steel; S.S. 
weld overlay type 
ER 308L over type 


ER 309 
Vessel inside diameter 7 ft 
Vessel overall height 26 ft 7 in. 


Vessel wall thickness, base metal 3%% in. 


Vessel cladding thickness 1% in. 
Design pressure 1150 psig 
Design temperature 600°F 
Operating pressure 950 psig 
Operating temperature 540°F 


Internal thermal-shield material AISI type 304 S.S. 
Internal thermal-shield thickness 1 in. 


External thermal insulation Fiberglass 
External thermal-insulation 
thickness 3% in. 


Nozzle list 
Recirculating-water inlet 1, 16-in. schedule 
100 

2, 12-in. schedule 
100 


1, 4-in. schedule 80 


Recirculating-water outlets 


Feedwater inlet 
Large superheated-steam out- 
lets i, 3-in. schedule 80 
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Small superheated-steam 
outlets 
Control-rod thimbles 


4, 2-in. schedule 160 

17, 3-in. double ex- 
tra heavy 

4, 3-in. double extra 
heavy 

1, 6-in. schedule 80 

1, 2-in. schedule 80S 


Instrumentation thimbles 


Pressure-relief nozzle 

Upper liquid-level nozzle 
Lower liquid-level nozzle 1, 2-in. schedule 80S 
Vent nozzle 1, 1-in. schedule 80S 
Emergency coolant inlet 1, 2-in. schedule 80S 
Gasket leak-off nozzle 2, l-in. schedule 80S 
Spare nozzle 1, 2-in. schedule 805 


Control and Instrumentation 


The control concept employed in the BONUS 
station is one in which the reactor establishes 
the plant output, and control of the turbine ad- 
mission valves is made responsive to reactor 
pressure. The turbine accepts the steam gen- 
erated by the reactor and maintains a load such 
that the reactor pressure is held constant at its 
set point. Control of reactor power level is ac- 
complished by movement of the cruciform- 
Shaped and slab type control rods. Although the 
recirculation flow loops in the BONUS plant are 
provided with flow-control valves that can be 
used for making initial adjustments of the re- 
circulation rate, reactor power will not nor- 
mally be controlled by varying recirculation 
flow. 

The superheated-steam exit temperature of 
the reactor is allowed to vary between 900 and 
950°F, and an automatic attemperator spray- 
control system is provided in the main steam- 
supply line to maintain steam temperature at 
the inlet of the turbine essentially constant and 
equal to a nominal value of 900° F, 

Pressure control is accomplished by an inte- 
grated master system composed of three valve- 
control systems: the turbine-admission-valve 
control system, the turbine-bypass-valve con- 
trol system, and the minimum-flow bypass- 
valve control system. The functional intercon- 
nection of these systems, which provides control 
of reactor pressure, is such that the proper 
system or combination of systems is brought 
into use as the particular pressure set point 
and operating conditions demand. 

A block diagram of the 10-channel nuclear in- 
strumentation system of the BONUS reactor was 
given in Power Reactor Technology, 5(2): 68. 
The reactor contains no in-core instrumentation. 

All control rods are provided with rack-and- 
pinion type top-mounted drives. Only one rod 
can be moved at a time, which results ina 
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maximum reactivity-addition rate of approxi- 
mately 0.01% k.+;/sec. 

The reactor system is provided with a manu- 
ally operated, gravity-flow liquid-poison sys- 
tem. A 20 wt.% solution of boric acid in water 
is stored in a pressure vessel mounted about 
18 ft above the normal reactor water level. The 
114 gal of boric acid solution are kept hot 
(193°F) during storage to prevent thermal shock 
to the reactor vessel during poison injection. 
Injection of all the poison solution into the re- 
actor requires about 3 min and results in a re- 
activity decrease of such magnitude that the 
reactor is 1.5% subcritical when cold, clean, 
with normal water level, and all rods and shims 
out of the core. 


Recirculation System 


The major components of the recirculation 
loops are shown schematically in Fig. VIII-13. 
Slightly subcooled water is pumped into the 
core via the bottom inlet nozzle and plenum. 
The water rises through the boiler assemblies 
where it is heated to saturation, after which 
steam is separated from the water, and the 
water flows radially outward and then down be- 
tween the reactor core and pressure-vessel 
wall. As the saturated water descends in the 
vessel, it mixes with relatively cold feedwater 
that reduces the overall temperature of the re- 
circulation mixture to a subcooled level. The 
subcooled water leaves the vessel at the bottom 
through two nozzles and descends through down- 
comers to the reactor circulating-water pumps, 
which are located in a pump room beneath the 
reactor vessel. Discharge lines from the cir- 
culating pumps feed a common, Single riser that 
returns the recirculation water to the reactor 
vessel. 

The two downcomer pipes are equipped with 
motor-operated gate valves, and the discharge 
line from each pump is equipped with a motor- 
operated gate valve, a check valve, and a flow- 
meter. Either pump can be isolated from the 
reactor by closing its gate valves. The check 
valves prevent reverse flow through a pump if 
it fails, and the other pump continues to operate. 

Of the total water flow to the reactor vessel, 
95% passes through the coolant channels and 
the remaining 5% flows to the moderator and 
to the control-rod channels between the boiler 
fuel-assembly boxes. Characteristics of the 
recirculation-system components are listed in 
the following table: 
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Recirculation pumps 


Number 2 (one per loop) 
Type Vertical, single stage, 
single volute, cen- 
trifugal 
Nozzle diameter 
Suction 12 in. 
Discharge 10 in. 
Rated flow each 4500 gal/min 
Developed head at rated flow 67 ft 
Piping diameter 
Reactor to pumps 12 in. 
Pumps to riser 10 in. 
Riser to reactor 16 in. 


Turbine-Generator, Condensate, 
and Feedwater Systems 


The power-conversion cycle and equipment of 
the BONUS plant are essentially the same as 
those of a conventional power plant. Steam flows 
from the reactor through the main steam line to 
the turbine-condenser unit. Condensate pumps 
take water from the condenser hot well and 
pump it through the air ejector after coolers, 
a gland-seal condenser, condensate purification 
units, and three low-pressure feedwater heaters, 
to the main feed pumps. The feed pumps raise 
the pressure of the condensate and force it 
through the high-pressure feedwater heater and 
the feedwater regulating valve back into the 
reactor. 

The single-casing single-flow turbine, which 
has four extraction openings for feedwater heat- 
ing, drives a standard 13.8-kv 3-phase 60-cycle 
hydrogen-cooled generator. The gland-seal sys- 
tem used for the turbine shaft seals is a stan- 
dard pressure-breakdown type. Steam leakoff 
from the high-pressure packing at the high- 
pressure end of the turbine is fed to the ex- 
traction line leading to feedwater heater No. 1. 
During turbine operation the seal gland at the 
low-pressure end of the turbine is normally fed 
by steam that is bled from the leak-off connec- 
tion on the high-pressure seal gland; however, 
with the turbine shut down, reactor steam is 
supplied to the seals through the seal steam 
regulator. The outer chamber of all seal glands 
is maintained at a negative pressure with re- 
spect to the building atmosphere by means of 
gland-seal exhausters. 

The reactor is equipped with a saturated 
steam line that leads to an emergency con- 
denser, and on a branch from this line a series 
of safety valves is installed to prevent excessive 
pressures in the reactor system. The location 
of these valves is shown in Fig. VII-13. 
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The two-pass main condenser is capable of 
condensing the full output of the reactor when 
the turbine bypass valves are open and a con- 
denser pressure of 3.5 in. Hg abs. is available. 
The condenser has a divided hot well and divided 
water boxes, and its condensate storage capacity 
is sufficient for a 4- to 9-min holdup at full- 
flow conditions. Condenser cooling is accom- 
plished with pumped seawater. 


Turbine 
Number 1 
Description Single-casing ASME- 
AIEE preferred 
standard 
16,500 kw 


Nameplate rating 
Turbine throttle conditions at full 


full load 
Superheated-steam weight flow 151,000 lb/hr 
Pressure 850 psig 
Temperature 900°F 


163 psia; 6734 lb/hr 
64 psia; 7312 lb/hr 
27.2 psia; 8251 lb/hr 
8.14 psia; 7703 lb/hr 
1010.3 Btu/lb 
117,285 lb/hr 


First extraction 

Second extraction 

Third extraction 

Fourth extraction 
Exhaust-steam enthalpy, CEP 
Exhaust-steam weight flow 


Generator 
Number 1 
Description 13,800-volt, 3¢, 60 


cps, 3600 rpm, 
ASME-AIEE pre- 
ferred standard 


Terminal output 17,506 kw 
Capability at 0.85 lb-ft and 30 
psig H, pressure 22,059 kva 


Main condenser 
Number 1 
Description Two-pass single- 
shell divided 
waterbox and hot 
well 
20,000 sq ft 
119,000 lb/hr 


Heat-transfer surface 

Capacity 

Operating pressure with 85°F 
cooling water 

Tube description 


2 in, Hg abs. 


Material Aluminum and brass 
Number 4368 

Outside diameter % in. 

Wall thickness, BWG 16 

Length 20 ft 


Cooling-water flow rate 17,800 gal/min 
Cooling-water temperature, inlet 85°F 


Plant Arrangement and Containment 


A total-containment design philosophy is em- 
ployed in the BONUS plant. The general con- 
tainment type that results from this philosophy 
was compared to other types in Power Reactor 
Technology, 5(1): 34-35, and a discussion of the 
actual BONUS containment appeared in Power 
Reactor Technology, 5(2): 54-55. 
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The basic components of the containment 
building are a steel dome, a short cylindrical 
steel section, and a concrete foundation slab. À 
perspective view of the building, showing the 
arrangement oí plant equipment, is given as 
Fig. VIII-23, and dimensions and specifications 
are listed in the following table: 


Containment building 
Shape Cylindrical steel 
and concrete wall, 
hemispherical 
steel dome, flat 
concrete-floor 
slab 


Overall dimensions 
Diameter 
Height inside 

Building height above ground 

Concrete-wall dimension 
Minimum thickness 
Height 

Dome 
Diameter 
Wall thickness 
Material 


Cylindrical shell 
Height 
Wall thickness 
Material 
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166 ft 8 in. 
107 ft 4 in. 
84 ft 4 in. 


18 in. 
26 ft 6 in. 


166 ft 8 in. 

Ys in. 

Carbon steel, ASTM 
A-201 grade B 


26 ft 4 in. 

3⁄4 in. 

Carbon steel, ASTM 
A-201 grade B 





Steel Dome 

Foundation Mat 

Retainer Wall 

Freight Door 

Building Spray 

Polar Gantry Crane 

Fuel Unioading Coffin 
Spent-Fuel Storage Pool 

Solid Radioactive-Waste Storage 


QC OQ + @ Q P Q: J — 


44 Turbine Generotor 
45 Turbine Shield 

46 Condenser 

47 Condensote Pumps 

18 Evactor Pump 

19 Gland Seal Condenser 


20 Reactor Circulating-Water Pump Room 


24 Startup Heater 


22 Reactor Water~Purification Coolers 








Building Ventilation Intake Fan 
Reactor Pressure Vessel 
Neutron Shield Tank 
Control-Rod-Drive Motor Trench 


23 
24 


25 
26 


Emergency Condenser 
Reactor Pit Water Moat 


Removable Concrete Shield 
Fuel Pool Cooling System 


Fig. VIII-23 Perspective view of containment building, BONUS power station. 
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Design pressure 5 psig wastes containing high levels of radioactivity 
Design: temperature: mee will be converted to solid waste by the addition 
Free volume of containment f ab bent id k i 
kartier 1.59 x 108 cu ft of absorbent solids or by casting in cement. 


Design leak rate of steel shell, 
% of building vol./day at 5 psig 0.2 
Maximum permissible leak rate, 
including floor slab and all 
penetrations, % of building 
vol./day at 5 psig 0.4 


Purification and Radioactive 
Waste Disposal 


The scheme of disposing of the noncondens- 
able gases formed during reactor operation is 
one in which radiolytic and radioactive gases 
are removed from the main condenser by the 
air ejector and then are subjected to a series 
of holdups and filtrations before being dis- 


Solid wastes from the BONUS plant will be 
handled by bailing or by drum storage. A hot- 
waste storage area, with sufficient capacity to 
handle the waste generated over a period of 
several years, will be used as a collection point 
for material awaiting off-site shipment for per- 
manent disposal. The estimated rates of gen- 
eration of solid wastes are given in the follow- 
ing table: 


Quantity of waste, 


Waste source 66-gal drums/year 














Filters, condensate, reactor, and pool 5 
charged to the reactor building exhaust. A IX resins 4 
schematic diagram of the system is shown in Charcoal traps 1 
: Liquid-waste concentrate 6 
Fig. VHI-24. 
uqta i Baled-paper waste 7 
The principal liquid wastes are expected to Miscellaneous, air filters, etc. 2 
be low-level wastes that can be processed at Thal icbuinaloal P 
the plant and discharged to the sea. Any liquid 
Vapor Sphere 
Radiation 
Monitor Monitor 
Air-Ejector Discharge p 
I Charcoal Filters 
Glond- Seol 
Condenser Exhoust entilation 
Charcoal | Exhaust 
Filter —To 
Stock 
d 
Particulate Charcoal 
Filter Filter Particulate 
Filter 
Reactor Annulus Exhaust DY 


Fuel Pool Exhaust 
Charcoal 


Filter 
Blower 
Us —— 


Coffin 


Fig. VIU-24 Gaseous waste-disposai system of the BONUS power station. 
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Discussion 


The incorporation of integral nuclear super- 
heat into the basic concept oí the direct-cycle 
boiling-water reactor appears to be the most 
straightforward way oí attaining the modern 
steam conditions that are generally regarded 
as an important goal for nuclear steam genera- 
tion. Designers can build on the established 
boiling-water technology to eliminate some of 
the developmental problems that usually ac- 
company the proving of a new concept and can 
use the direct cycle (no heat exchangers) to 
minimize the reactor temperatures necessary 
for a given steam temperature, although the 
direct-cycle steam may prove to be a difficult 
reactor coolant. 

Relative to the direct-cycle saturated-steam 
boiling reactor, the provision of integral nuclear 
superheat seems to have added at least the four 
new questions of feasibility that follow. 

1. Effective steam-water separation, and, in 
particular, the problem of water carry-over in 
the steam, assumes much greater importance, 
probably to the point of becoming a feasibility 
problem. This is because nonvolatile impurities 
carried by entrained water can be deposited in 
the superheater coolant passages when the water 
finally evaporates. The most obvious sources of 
trouble in such a case would be the chlorides, 
which are known to promote stress corrosion in 
stainless steels even when present in very small 
amounts. The problem may be accentuated in 
superheaters using reactor-generated steam 
because of the relatively high concentration of 
oxygen from the radiolytic decomposition of 
water; the presence of oxygen is known to en- 
hance chloride stress corrosion. 

2. Suitable fuel elements must be provided 
for superheater service. This problem is, of 
course, closely related to the preceding one, as 
well as to the rather high surface temperature 
required. The latter must evidently be about 
1200°F or higher if the steam is to be super- 
heated to the desired temperatures. At these 
temperatures the strength and ductility of the 
jacket material, as well as its corrosion re- 
sistance, are questions of real importance. 
Currently there are no low-cross-section mate- 
rials suitable for this service, and even the 
Stainless steels are suspect because of the 
stress-corrosion problem. 

3. The question of radioactive carry-over 
into the turbine and the off-gas system of the 


Vol. 7, No. 3 


superheat reactor cannot be assumed to be 
settled by the favorable past experience with 
direct-cycle saturated-steam boiling reactors. 
This is true because the boilers benefit from a 
large decontamination factor: when the steam 
evaporates, nearly all the nonvolatile impurities 
are left behind in the water. The boiler sections 
of integral superheat reactors will enjoy the 
same effect, but any radioactive products that 
are added to the steam in the superheater —as 
from a failed or leaky fuel element —will pass 
on into the turbine. 


4. The coupling of the two sections of the 
reactor—the boiler and the superheater —in 
terms of both the neutron chain reaction and the 
coolant flow introduces unique relations of core 
design and plant operation. It is essential to 
provide means for adjusting and maintaining the 
division of power between the boiler and the 
superheater, over the reactivity lifetime of both, 
at proper values to yield the desired steam out- 
let temperature. 

The superheater normally has no independent 
coolant supply of its own, but is dependent upon 
steam generated by the boiler. Therefore the 
designer, although he must thermally insulate 
the superheater coolant passages from the sur- 
rounding water moderator in order to prevent 
excessive heat loss from the superheated steam, 
must not insulate too effectively; this heat leak- 
age into the moderator will be the only means 
of shutdown cooling after the power has decayed 
to the point that there is no Significant steam 
production in the boiler section of the core. 
Aside from the considerations of emergency and 
shutdown cooling, the dependence of the super- 
heater upon the boiler for coolant flow must 
also be taken into account in operating proce- 
dures. Thus, for example, if some unusual cir- 
cumstance causes overheating in the super- 
heater, a reduction of total reactor power may 
not be a very effective countermeasure, for it 
reduces the coolant flow to the superheater at 
the same time that it reduces the superheater 
power. 


When the development of integral boiling- 
superheating reactors was begun, the problems 
connected with the nuclear coupling of the two 
regions were considered to be feasibility prob- 
lems. Now that the designs of two reactors have 
been worked out and checked by critical experi- 
ments, the problems are no longer in that cate- 
gory, but the measures taken for their sohution 
have played important roles in determining the 
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core designs and must be taken into account in 
any assessment of the designs. 


The nature of the preceding problems is such 
that they cannot be completely resolved except 
by operation of the reactor itself. For this rea- 
son the performances of the Pathfinder and 
BONUS reactors will be of great interest, and 
if utilized effectively these reactors may pro- 
vide invaluable information for reactor devel- 
opment for some years to come. 

For the successful development of a reactor 
type, it is not enough that the feasibility prob- 
lems be solved; rather, they must be solved in 
a manner that will make the reactor type eco- 
nomically competitive. Since the integral nu- 
clear superheat reactor represents an extension 
of direct-cycle boiling-water technology, the 
economic requirements in this case can per- 
haps be stated more directly than in most cases 
of a new reactor type. Economic advantages 
will accrue from the higher thermal efficiency 
and from the savings in cost of the turbine and 
associated equipment. For economic success of 
the reactor type, it is necessary that these ad- 
vantages not be nullified by costs associated 
with the superheating feature. Conceivable 
sources of such costs include: 


— increased capital costs due to lower power 
density in the reactor core or to the need for 
very effective steam-water separation 


— increased fuel-cycle costs due to shorter 
fuel-element life, more expensive fuel-element 
construction, or greater neutron losses to highly 
absorbing cladding materials 


— increased costs of siting, off-gas control, 
or maintenance due to higher radioactivity levels 
in the steam 


It would be unreasonable to expect the first 
reactors of a type to solve the economic as well 
as the feasibility problems. Indeed, more ad- 
vanced design studies for nuclear superheat 
have indicated very favorable prospects for 
avoiding the above-mentioned sources of possi- 
ble cost problems, These designs differ quite 
widely from both Pathfinder and BONUS, al- 
though they involve the same feasibility ques- 
tions. These studies have been reviewed briefly 
in Power Reactor Technology, 4(3): 71-85 (June 
1961); 6(2): 75-80 (March 1963); 6(4): 97-10£ 
(Fall 1963). In assessing the designs of Path- 
finder and BONUS, it is reasonable to ask 
whether they advance the technology in the di- 
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rections that are most likely to lead to good 
economic performance. 

The differences between the two designs are 
substantial. Some of these differences are due 
to the design power output, and some arerather 
incidental. It would not be feasible, for example, 
to employ the BONUS system of superheater 
power-level control, which utilizes sheets 
(blades) of absorbing material between the 
boiler and superheater, in a very much larger 
reactor. On the other hand, the use of this sys- 
tem rather than 12 set of control rods within the 
superheater is a rather incidental design choice. 
The difference in reactor size may have been 
of greater significance in fostering a somewhat 
bolder approach in the smaller BONUS reactor. 
This approach is reflected by the higher design 
values of steam temperature and pressure in 
BONUS relative to Pathfinder. 


The question of a central or peripheral loca- 
tion for the superheater section generates many 
pros and cons for each approach. When the 
question is considered in a general way, the 
central location is usually credited with requir- 
ing a relatively small volume for agiven power, 
with having a relatively flat radial power dis- 
tribution, and with causing some reduction in 
the overall reactor maximum-to-average power 
ratio. The central location does, however, re- 
sult in relatively high heat fluxes and fuel tem- 
peratures in the superheater and does lead to 
relatively large effects on reactivity. Just the 
opposite advantages and disadvantages are usu- 
ally given for the peripheral superheater. The 
calculated values for Pathfinder and BONUS 
show some of these effects. The Pathfinder su- 
perheater does produce a good deal of power in 
a relatively small volume (its power density is 
about three times that of the BONUS super- 
heater) but not without penalty. In Pathfinder the 
maximum fuel-cladding temperature is 1270°F 
for an outlet steam temperature of 725°F; in 
BONUS the corresponding value is 1175°F for 
900°F steam. The relatively small difference 
between maximum cladding temperature and 
steam exit temperature in BONUS is due partly 
to the in-out multipass design of the super- 
heater, in which the steam traverses regions 
of lower power density as its temperature 
increases. 

Although the Pathfinder fuel operates at a 
somewhat higher maximum surface tempera- 
ture than the BONUS fuel, its required lifetime 
is much shorter (nine months, about one-sixth 
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that of the BONUS fuel). This is due partly to 
the shorter reactivity lifetime of the highly en- 
riched superheater fuel. From the long-range 
standpoint, it is questionable whether highly 
enriched fuel has an economic future in central- 
station power reactors, and in this respect the 
BONUS development, if it is successful, may 
represent a more direct approach to ultimate 
economic success. In some ways the oxide- 
pellet slightly enriched fuel appears also to offer 
advantages in solving the corrosion problems, 
for it allows considerable flexibility in the 
choice of jacket material. It was a relatively 
straightforward matter, for example, to modify 
the BONUS fuel-element jacket, from stainless 
steel to Inconel, after the seriousness of the 
stress-corrosion problem in stainless steel 
became apparent. 


The nuclear designs of the two reactors are 
characteristic of their basic geometrical ar- 
rangements. As mentioned above, the power 
split between boiler and superheater is con- 
trolled in BONUS by means of blade type con- 
trol rods at the boiler-superheater boundary, 
whereas Pathfinder has control rods in both the 
boiler and the superheater. The nuclear design 
of each reactor is such that reactivity effects 
from flooding or voiding of the superheater 
regions are minimized by suitable choice of the 
fuel-to-water ratio. Under operating conditions, 
flooding of the Pathfinder superheater causes a 
reactivity change of —0.66% Ak/k, whereas 
flooding of the BONUS superheater results ina 
reactivity gain of 0.16% keff. 


The problem of obtaining the required degree 
of steam-water separation is handled differently 
in the two plants. Pathfinder has centrifugal 
separators in its downcomer region to remove 
entrained steam from the recirculation water, 
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whereas BONUS, with no such mechanical de- 
vices, relies on gravitational separation. Path- 
finder has a mesh type steam dryer through 
which saturated steam must pass on its way to 
the superheater region of the core, and BONUS 
has dryer units in the same relative location 
and preheats the steam slightly before its en- 
trance to the superheater proper by regenera- 
tive heat exchange with the exit steam. 

The BONUS reactor is provided with a 
gravity-actuated emergency core spray that 
will cool the boiler and superheater fuel ele- 
ments in the event all primary cooling water is 
lost from the vessel. Pathfinder, on the other 
hand, relies on the normal feedwater supply to 
provide cooling water to the reactor vessel 
faster than it is lost. 

In summary, it can be said that the integral- 
superheat reactors of the Pathfinder and BONUS 
plants show originality of concept and reflect 
interesting differences in design approach. With 
the plants now in the process of startup, specu- 
lation as to their probable performance is point- 
less, since experience should soon provide the 
answers to questions of operational capabilities. 
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IX Operating Experience 


Power Reactor Technology 


Consolidated Edison 
Nuclear Steam- 
Generating Station 


The Consolidated Edison Thorium Reactor 
(CETR) was described in detail in Power Reac- 
tor Technology, 6(3): 28-40. Since that review 
a number of articles dealing with the operating 
experience of the CETR have been published.'~° 
Reference 1 is a paper from a conference on 
operating experience with power reactors; the 
conference was sponsored by the International 
Atomic Energy Agency in June 1963. References 
2 to 6 are papers that were presented at the 
Winter Meeting of the American Nuclear Society, 
November 1963. In 1962, the provisional oper- 
ating license for the CETR was issued in March, 
the facility was completed in May, criticality 
was achieved on August 2, and the unit was 
placed on-line on September 16. Operation at 
full power occurred on Jan. 25, 1963; as of 
March 1964, a total of about 1.2 x 10° Mw-hr 
had been generated. 


An early trouble was experienced with the 
coating of the fuel-transfer canal. This coating 
was a phenolic paint, and leakage of water 
occurred through defects in the paint or around 
inadequately sealed points of attachment of 
anchors. A Similar problem was also experi- 
enced at the Shippingport reactor and is reviewed 
in Power Reactor Technology, 6(3): 51. In Ref. 
2 it is stated that work was done on the CETR 
fuel-transfer pool during August and September 
of 1963; however, no details of this work are 
given. Difficulties were noted in the ability to 
produce and maintain water in the fuel-transfer- 
system pool of sufficient visual clarity for 
satisfactory handling of the core and core 
components. The fuel-transfer system was de- 


signed to be flooded with water from condensed 
bleed steam; before power operation the sys- 
tem used treated water. Algae were found to 
be present in the fuel pools, anditis postulated’ 
that the algae fed on the cyclohexylamine present 
in water as a corrosion inhibitor. The following 
temporary measures were instituted to clarify 
the water:” 


1. Drain the pools and treat the pool walls with 
hydrogen peroxide for algae control. 

2. Abandon cyclohexylamine treatment of the 
particular tank furnishing makeup water for this 
purpose. 

3. Install a temporary wood cellulose filter to 
remove the fine silt and corrosion products present 
in the unevaporated makeup water. These steps 
were successful in making fuel loading under a full 
head of water possible. 


Tests of the reactor head joint revealed a 
leak-free seal. Although provision had been 
made for seal-welding the top head closure, the 
seal ring was welded to the head only and not 
to the body of the vessel. However, other bolted- 
joint components were seal welded. These items 
included the pressurizer vent-valve bonnet and 
the hinge-pin covers on all eight discharge 
check valves for the primary coolant pumps. 
Not all hinge-pin covers experienced leakage, 
but all were welded as a precaution. 

During the first six months of operation, 187 
automatic shutdowns occurred. They were not 
occasioned by a reactor safety problem but 
were the result of malfunctions of associated 
equipment and conservative settings of the nu- 
clear instruments. Of these shutdowns, about 
20% were from malfunctions in nuclear instru- 
mentation systems, 25% originated in the control 
system for the control-rod drives, and about 
30% were caused by malfunctions in the conven- 
tional plant equipment. The remaining 25% were 
from miscellaneous causes, generally non- 
repetitive in nature. 
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The control-rod-drive system appears to be 
the most interesting area of operating expe- 
rience reported. The drive system, shown in 
Fig. V-6 of Power Reactor Technology, 6(3), is 
sealed in an 1800-psi pressure-tight housing. 
Experience demonstrated that the small amount 
of leakage past the shaft seal, plus the water 
that was carried down into the housing by a wet 
shaft, produced a high-humidity condition. This 
atmosphere seemed particularly hard on the 
miniature switch that reported disengagement 
of the drive shaft from its carriage and the one 
that operated when full insertion was reached. 
The following is quoted from Ref. 2: 


... Various corrective measures were made in- 
cluding the use of a switch redesigned to reduce its 
susceptibility to moisture interference, and a sys- 
tem to purge the drive mechanism housing with dry 
nitrogen to limit humidity. These measures were 
partially successful,and recently, further improve- 
ments have been made to provide for an arrange- 
ment allowing individual nitrogen flow control to 
each housing in accordance with certain electrical 
circuit resistance readings periodically made as an 
indicator of moisture in the housing, and to provide 
a new set of hermetically sealed switches. 


Reference 1 reports the virtual elimination of 
troubles with the rod-drive system as a result 
of these actions. 

A number of the difficulties experienced were 
peculiar to the CETR. These included some 
piping reruns and failures of tubes in the 
fossil-fired superheater. Some activity has been 
detected on the secondary side of the primary 
steam generators. Up to the time Ref. 2 was 
written, a level of about 10 uc/ml had been 
detected, and this appeared to be steadily rising. 
This activity leak apparently occurred within 
the period from June to November 1963, since 
a particular point made in Ref. 1 is that no 
measurable leakage had been observed. 

The ion-exchange and filtration portions of 
the primary coolant purification system have 
been kept in almost continuous operation, but 
the purification gas stripper was not required 
to be in operation.” At the outlet of the mixed- 
bed ion exchanger, the activity was about 2 x 
107° uc/ml due to noble-gas activity; operation 
of the degasser decreased this to about 107° 
uc/ml. No gaseous waste had been discharged 
as of the writing of Ref. 1, and the ventilation 
of the containment building, prior to access, 
has required no exceptional precautions. 

The operation of the automatic control sys- 
tem for the CETR is briefly described in Ref. 3. 
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The plant was designed to accept a + 18% power 
step or a + 9% per minute power ramp. Although 
an actual step could not be studied because the 
turbine throttle could not be stepped, a power 
change of 50 Mw(e) in 12 sec was reviewed. 
Figures [X-1 and IX-2 show the results with 
the steam-flow gain constant set at its recom- 
mended design value. The author concludes that 
the plant can actually accept a step of + 27% in 
power or a ramp of + 15% per minute. 

References 4 to 6 present results of physics 
and thermal measurements done on the CETR. 
Temperature coefficients of reactivity were 
determined by doubling time differences for 
several temperatures, both with and without 
boric acid inthe moderator. Control-rod worths 
were determined, and power coefficients were 
measured. Table IX-1 shows a summary of the 
CETR reactivity coefficients. 

A series of flow measurements and heat 
balances were made on the CETR, and it was 
of interest to find that the heat balances indi- 
cated that the actual flow was higher than the 
design flow by about 13%. The actual flow, 
which is equivalent to 60 x 10° lb/hr, is ob- 
tained with eight pumps in operation and at 


psi 


Normalized Reactor 
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Fig. X-1 Response of the CETR plant to a simulates 
step in power of +5 Mw(e).3 


Summer 1964 


temperatures between 475 and 500 °F. The mea- 
sured core pressure drop was 49 psi, compared 
to the predicted value of 54 psi. Deddens con- 
cludes that® 


. . most of the decreased core pressure drop is ac- 
counted for by a revised method for computing 
pressure drop in the flow annulus between the fuel 
element bundle and the fuel element can... The 
significance of this is that not all of the increased 
flow is effective in cooling the fuel rods... 


Deddens also concludes that the steam-generator 
performance is “significantly” better than pre- 
dicted and that the CETR has excess thermal 
capacity; therefore the CETR could be operated 
at rated power [585 Mw(t)] with six pumps in 
three boiler loops in operation.° 
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Fig. IX-2 Response of the CETR plant to a ramp? of 


+25 Mw(e)/min. 
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Table IX-1 SUMMARY OF CETR REACTIVITY 


COEFFICIENTS 
Reactivity 
coefficient 
Parameter dk/k x 105 Core conditions 
Temperature, -17.1/°F + 8% Initial, 450°F, 
uniform no poison 
Boric acid — 14.8 + 0.7/10 ppm Initial, 450°F 
Pressure +13.3/100 psi Initial, 450°F, 
coefficient 1450 to 1650 psig 
Power —2.2 + 0.07/Mw Initial 
coefficient 


Plutonium Recycle Test 
Reactor: Primary Coolant 
Pumps 


The Plutonium Recycle Test Reactor (PRTR) 
is not a power reactor in the strict sense, but 
the primary coolant pressure and temperature 
are high enough to be representative of power- 
reactor conditions. The PRTR primary coolant 
is heavy water at a temperature of about 480°F 
and a pressure of 1050 psi. Prototypes of the 
PRTR primary coolant pumps have been ex- 
tensively tested, and these earlier tests have 
been reviewed in Power Reactor Technology, 
4(4): 71-73. Reference 7 is a report on the 
operating experience with the pumps used with 
the reactor. The reader may wish to consult 
Fig. XI-1 in the previously mentioned article in 
Power Reactor Technology for aschematic dia- 
gram of the mechanical pump seals used on the 
prototype PRTR pumps and, presumably, the 
actual pumps used with the reactor. 


The problems encountered with the pumps 
are summarized as follows: 


1. Stationary mechanical seal face distortion. 

(a) Differential thermal expansion of the massive 
pump cover plate which supported this mem- 
ber. 

(b) Hydraulic-pressure distortion of the sta- 
tionary face. 

2. Large amounts of corrosion products collected 
in the mechanical seal chamber from carbon- 
steel test loops. 

3. Misalignment of mechanical seal faces from in- 
sert cocking; unseating the seal face from O-ring 
expansion. 

4. Excessive vibration of the pump rotating as- 
sembly which includes the 2400-lb flywheel; vi- 
bration resulting from hydraulic instability of 
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the pumps causing lack of positive seating in the 
thrust bearings; and motor vibration. 

5. Helium evolving between seal faces. 

6. Inadequate venting of the seal chamber and the 
pump bowl. 


Of these problems, all but the last two were 
encountered and corrected during the test pro- 
gram; the last two were peculiar to operation of 
the PRTR. In the reference are several tables 
that give detailed comments on pump-seal fail- 
ures during PRTR operations. The helium that 
is dissolved in the PRTR coolant comes from 
the pressurization of the primary coolant with 
helium,® and this caused rapid failure of the 
pump seals during initial PRTR operations. 
The problem was solved by injecting helium- 
free water into the seal chamber and venting 
the pump bowl and seal chamber to remove 
helium collected at these points during primary 
system cooldown, depressurization, or other 
circumstances resulting in excessive gassing. 
The PRTR primary pumps are located at a high 
point of the piping and serve as collection points 
for any evolved helium. The vent flow is 3 gal/ 
min from the pump bowl, and the vent pipe is 
drilled into the highest point of the high-pressure 
seal chamber to allow seal venting during pump 
operation. 

As a result of the studies just described, the 
life of the PRTR pump seals has been improved. 
The following quotation serves to define the 
improvement:! 


Seal life has increased from an average of 1250 
for 15 of the first 20 PRTR runs to an average of 
2050 hr for the last completed run of each pump. 
The longest completed run was for 7 months with 
4094 hr total operation. Mockup runs have shown 
seal life of more than a year attainable. Longer 
than average runs are currently in progress. It 
should be noted that PRTR is atest reactor with 
operating periods of 1 week to 10 days. Longer life, 
as with the test loop, is predicted for continual 
operation. 


Heavy-Water Components 
Test Reactor: Control- and 
Safety-Rod Drive Systems 


The Heavy-Water Components Test Reactor 
(HWCTR) also is not a power reactor but, like 
the PRTR, has the capability of operation with 
coolant pressure and temperatures approaching 
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those of a power reactor. The HWCTR is cooled 
with D,O at 1500 psi and 600°F, nominally, and 
is equipped with 18 control rods and 6 Safety 
rods. Reference 9 reports on operating expe- 
rience with the HWCTR rod-drive systems. 


The rod drives are motor-driven rack-and- 
pinion drives located at the top of the reactor. 
Pressure breakdown, floating-ring labyrinth 
seals are employed. Figure IX-3 shows a sim- 
plified section of the safety-rod-drive arrange- 
ment. The six central control rods are arranged 
in a cluster and are attached toacommon rack- 
drive housing. The remaining control rods and 
the safety rods are individually driven. The 
rack-drive housings are about 20 ft long and 
consist of a stainless-steel drive housing welded 
to two sections of 2-in. stainless-steel pipe. 
Latches for gripping the rod poison sections 
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Fig. IX-3 Safety-rod-drive arrangement for the 
HWCTR.? 
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are at the lower end of the rack assembly, but 
the latch-actuating mechanism is located in the 
upper end, where it can be operated through 
the delatch port (Fig. [X-3). 


During the first 1.5 years of operation of the 
HWCTR, there have been 34 incidents involving 
abnormal operation of the rod drives. These are 
summarized in Table [X-2. Most of the inci- 
dents (19) occurred during the first month of 


Table IX-2 SUMMARY OF HWCTR ROD- DRIVE 
DIFFICULTIES?’ 


Operating difficulties 


Mechanical failures 10 
Electrical failures 18 
Others 6 
Difficulties occurring in March 1962 19 
Total rod drops (approximate) 1200 


Failures to drop properly 

Slow times 

Stuck 
Electrical component revisions 
Mechanical component revisions 


> & Ç OQ 


operation at low power, and 25, including the 
19, occurred before power operation. Table 
IX-3 shows the breakdown of failures and 
operating difficulties. The seized clutch and 
seal that caused the stuck rods during scram 
were repaired and modified to prevent further 
difficulties. On four occasions (Table IX-3) the 
rods drove in an uncontrolled manner, although 
the reference does not say in which direction. 
This action was caused by a broken rod-drive 
control switch at the reactor control panel. The 
switches originally were double-block selector 
switches with a stiff spring return. No mechani- 
cal stops were incorporated, and, if the operator 
applied too much torque to the handle of the 
switch, the plastic cam mechanism causing the 
rod motion could be broken in the last-demanded 
position. All switches were replaced in March 
1962 with ones employing metal cams and 
mechanical stops. 


The performance of the seals was satisfactory. 
Table IX-4 illustrates the seal leak rates. One 
case of seal failure was found. The failure was 
due to improper seal assembly. The seal leak- 
age is especially important for reactors em- 
ploying heavy water as a coolant, and it should 
be noted that the total seal outleakage in the 
HWCTIR was collected. Inspection of the seals 
indicated absence of crud. This was due to the 
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Table IX-3 LIST OF HWCTR FAILURES AND 
OPERATING DIFFICULTIES? 
Description Causes 


Unknown; seized clutch; 
seized seal 


Failure of safety rod 
to scram completely 
(3 times) 

Broken and bent latch 
fingers; rod could not 
be driven out of 
reactor 

Broken limit switch 
actuating cam nut 


Rack scrammed six times 
without attached poison 
section; broken finger 
jammed in guide tube 

Understrength cam surface; 
switches improperly 


(3 times) adjusted 

Rod drove in or out Broken control switch 
uncontrolled actuating the cam 
(4 times) jammed the switch 


Shorted clutch coils, 
shorted relay coils, 
faulty relays, loose 
wires 

Cracked during assembly 
and improper adjustment 


Inoperative electrical 
system (16 times) 


Broken limit switch 
*“*Microswitch’”’ 
(3 times) 
Difficulty in latch or 
delatching rods 


Guide tubes too long; 
improper use of 


(5 times) latching tool 
Control rod driving Unknown 

abnormally 

(4 times) 


Gear misalignment; 
inadequate limit switch 
lubrication; improper 
switch adjustment 


Failure of safety rod 
to scram within time 
limits (6 times) 


Table IX-4 SEAL LEAK RATES FOR THE HWCTR 








Total seal outleakage, lb/hr 7.1 


Average seal outleakage, lb/hr per seal 0.3 
Smallest outleakage of any seal, lb/hr 0.1 
Total seal inleakage to reactor, lb/hr 171.0 


Average seal inleakage to reactor, 


~] 
_ 


lb/hr per seal 


filtration of the seal water before injection into 
the seal. 


Performance of the 
EBWR at Powers 
Upto 100 Mwit) 


AS originally designed, the Experimental 
Boiling-Water Reactor (EBWR) was to be a 
prototype boiling-water reactor to produce 
20 Mwit) in the form of 600-psig steam. It 
eventually attained a power level of 61.7 Mwi(t). 
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Information is given in Refs. 10 and 11 on 
modifications to the EBWR and on results of 
experiments in an attempt to reach a power of 
100 Mw(t). Since Ref. 10 is a more up-to-date 
report, its review will be emphasized here. 


Figure IX-4 is a schematic of the EBWR 
pressure vessel and internals as modified for 
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Fig. IX-4 Schematic of the EBWR pressure vessel 
and internals as modified for operation at power levels 
up to 100 Mw(t).!9 
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Fig. IX-5 Total recirculation flow rate as a function 
of reactor power at 600 psig and various true-mixture 
interface levels.” 


operation up to 100 Mw(t). One of the basic 
changes made was to increase the number of 
fuel elements from 110 to 147, still maintaining 
a 4-ft core height. As shown in the figure, the 
core was encased in a shroud to prevent bypass 
flow, and a riser was installed. Increased riser 
height was provided to step up the flow rate 
through the core, since the reactor was operated 
as a natural-circulation device. A new feed- 
water ring was installed near the top of the 
riser to attempt to rapidly quench any steam 
carried over into the downcomer, and a new 
steam discharge duct was provided. The new 
steam duct withdrew the steam from the very 
top of the reactor in order to obtain as large a 
distance as practical between the water level 
and the steam-withdrawal point. The thermal 
power of the EBWR was distributed as follows: 
20 Mw(t) was utilized by the turbine plant, and 
the balance [up to 80 Mw(t)] was absorbed by 
the reboiler plant. Steam generated in the 
boilers was condensed in air-cooled condensers. 
A steam dryer, which was part of the original 
EBWR equipment, was utilized to ensure a 
supply of dry steam for the turbine. Perfor- 
mance characteristics of the EBWR from zero 
to 100 Mw(t) are given in Ref, 12. 

Extensive instrumentation was installed with- 
in the vessel to provide data on the recircula- 
tion flow rate, volumetric and weight fraction 
of vapor carry-under in the downcomer, reac- 
tor subcooling, riser void fractions, quenching 
rate of the entrained vapor in the downcomer, 
location of the true two-phase mixture inter- 
face within the reactor, and liquid carry-over 
in the effluent steam. The reader’s attention is 
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~ directed to the references!%5:11 for design details 
on the instrumentation. 

Three series of tests were conducted with the 
` modified EBWR. The first series was of an 
‘ exploratory nature and was run at 300 psig to 
Simulate operation at higher power density. 
The maximum power level attained during the 
series was 20 Mwi(t). During test series 2, the 
reactor power was varied from 5 to 60 Mwit), 
and the pressure was held at 600 psig. Prior 
to the start of the second series of tests, the 
top foot of the riser was removed to increase 
the steam dome volume, and the saturated water 
level was maintained 7 in. above the top of the 
riser during the series. Test series 2 ended 
with all control rods fully out of the core and 
with some boric acid (equivalent to 0.5% k) 
remaining in the coolant. Boron strips were 
removed from some of the fuel elements in 
orcer to attain the desired 100-Mw(t) power 
level during test series 3. 

The more important results of the test series 
are contained in Figs. IX-5 through IX-8. 
These figures, in general, show how the per- 
formance characteristics of the EBWR are 
governed by steam carry-under in the down- 
comer, liquid carry-over in the effluent steam 
and, indirectly, by the location of the water- 
steam interface in the pressure vessel. For 
example, Fig. IX-5 illustrates the total re- 
circulation flow rate as a function of reactor 
power. Although the data pertinent to operation 
with the old riser configuration are not shown 
in the figure, they are illustrated in Ref. 10. 
The additional riser height was successful in 
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Fig. X-7 Comparison of carry-under data with the 
correlation, using measured steam volume fraction." 


increasing the recirculation flow rate. The 
reason for the inflection point of the flow rate 
vs. power curve (Fig. IX-5) can be explained 
by a consideration of Fig. IX-6. This latter 
figure is a map of the subcooling of the reactor 
coolant, and an understanding of the figure is 
most helpful in gaining an insight into the 
operation of the E BWR at high power. 

For reactor operation with no carry-under of 
steam into the downcomer, the core inlet sub- 
cooling increases continuously with power. This 
can be qualitatively explained by considering 
the data shown in Fig. IX-5 for powers up to 
about 20 Mw(t)— as power doubles, say from 
10 to 20 Mw, the recirculation flow rate in- 
creases somewhat, but not by a factor of 2. A 
doubling of power is accompanied, however, by 
a doubling of the flow rate of the relatively 
cold feedwater, if steady state exists. Thus, as 
power increases, the core subcooling increases 
until the point is reached where steam starts 
to be carried into the downcomer. The effect 
of carry-under can be noticed in Fig. IX-6 at 
powers of about 20 to 30 Mw(t). The carry- 
under of saturated steam decreases the sub- 
cooling as power is increased. It can be seen 
from Fig. IX-6 that the subcooling increases 
sharply at a power of about 70 Mw(t) for an 
interface height of 20 ft. At this point liquid 
carry-over in the steam commences, and its 
effect is noticed in Fig. IX-6 by a rapidly in- 
creasing subcooling at the core inlet. It is of 
interest to note the sensitivity of the reactor 
subcooling to the interface height. At an inter- 


Fig. IX-6 Map of reactor subcooling as a function of 
reactor power and various true-mixture interface 
levels.” 


face height of 20 ft 6 in., the point of carry-over 
is reached at a lower power level (about 60 Mw) 
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because of the reduced steam dome height. 
Reference 10 presents a prediction of the reac- 
tor subcooling curve in the region where carry- 
over is important, and the agreement between 
the prediction and the experimental data (a 
typical example is shown in Fig. IX-6 atpowers 
in excess of 60 to 70 Mw) is good. 
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Fig. IX-8 Liquid carry-over as a functionof reactor 
power and various water-column levels. (Data from 
Heat Balance on Primary Reboiler)!® 


In Fig. IX-5 the shape of the flow vs. power 
curve can be explained by the effect of inlet 
subcooling; as subcooling increases, the re- 
circulation flow rates tend to increase.’® Be- 
tween roughly 40 and 60 Mwi(t), Fig. IX-6 shows 
decreasing subcooling due to carry-under, and 
this is reflected in Fig. IX-5 in decreasing re- 
circulation flow rates. Above about 60 Mwit), 
subcooling increases due to carry-over, and 
this is reflected in Fig. IX-5 by increasing 
recirculation flow rates. 

The vapor carry-under in the EBWR was 
calculated with the aid of a heat balance, using 
measured flow rates and subcooling. The carry- 
under in this reactor was substantial, even at 
low power, and varied from about 20% at 10 Mw 
to about 40% at 100 Mw. The value of 40% means 
that 40 wt.% of all steam generated in the core 
ends up entrained in the downcomer. What is 
of particular value, however, is the comparison 
of the analytical carry-under prediction given 
in Ref. 13 with the experimental data derived 
from the EBWR operation. This comparison is 
shown in Fig. IX-7. Steam-water separation 
was reviewed in Power Reactor Technology, 
6(2): 69-74, and Ref. 13 was included in this 
earlier review. The scatter of the data shown 
in Fig. IX-7 is believed! to be caused by in- 
accuracies in determining the steam volume 
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fraction in the upper part of the downcomer be- 
cause of the quenching process and the resulting 
high degree of turbulence around the measuring 
probe. 

Figure [X-8 illustrates liquid carry-over as 
a function of reactor power and water-column 
level. The water-column level is a measure of 
the true fluid-interface level, and, in the power 
range from 70 to 100 Mw, other data presented 
in Ref. 10 show that the true mixture interface 
is about 4.8 ft above the water-column-level 
readings. The figure illustrates that the initia- 
tion of carry-over, the break-points in the 
curves, occurs at different power levels for 
different interface heights. The figure also 
illustrates the large amount of carry-over that 
attended the operation of the modified E BWR at 
high power. 
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Section 


X Specific Reactor Types 


Power Reactor Technology 


Pressurized Water: Study 
of Zircaloy Core Structure 
for N.S. Savannah 


The reactor for the N. S. Savannah was de- 
scribed in detail in Power Reactor Technology, 
6(1): 43-54. As built, the reactor contained a 
stainless-steel core structure, and Ref. 1 is an 
evaluation of the substitution of Zircaloy in the 
fuel-element containers. 


Figure X-1 shows the core structure for the 
reactor. The boxlike structures contain the fuel 
elements and presently account for about one- 
third of the total quantity of stainless steel in 


the active core. The remaining steel (which is 
type 304) is accounted for primarily by the 
cladding of the fuel rods. The substitution of 
Zircaloy for the element containers would be 
expected to lower the *%U inventory for a given 
reactivity lifetime and increase the control-rod 
worth. Physics calculations and structural anal- 
yses were done for the various core composi- 
tions considered, and the results were used in 
an economic study of the fuel cycle. Supporting 
studies were on the compatibility of Zircaloy 
with the reactor environment, and a brief safe- 
guards analysis was made. 


The results of the nuclear calculations are 
summarized in Table X-1. The four cases 
studied were the reference case, S-420, which 


Table X-1 SUMMARY OF CALCULATED NUCLEAR CHARACTERISTICS! 
FOR VARIOUS FUEL-ELEMENT CONTAINERS 





Stainless -steel 
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containere, Zircaloy fuel-element containers 
reference case 
S-420* Case Z-420T Case Z-3861 Case Z-338§ 
One-zone enrichment, wt. % 235U 4.20 4.20 3.86 3.38 
Multiplication factor of clean core with rods 
out (followers in) 
Cold 1.132 1.195 1.172 1.135 
Hot 1.079 1.138 1.114 1.079 
Multiplication factor of clean core with rods 
in 
Cold 0.972 0.991 0.969 0.934 
Hot 0.882 0.910 0.886 0.848 
Cold worth of all control rods, % Ak 16 20 20 20 
Shutdown margin oí cold, clean core with 
central rod out, % Ak 1.4 Supercritical 1.4 4.9 
Lifetime, years at 63 Mw (t) 1.63 3.20 2.52 1.63 





*Case S-420 was the reference case, with core 1 type fuel elements (uniform enrichment of 4.20 wt.%)in stainless- 
steel containers. 

tCase Z-420 was the same as the reference case except that the containers were Zircaloy. 

tCase Z-386 had core 1 type fuel elements (uniform enrichment of 3.86 wt. %) in Zircaloy containers; enrichment 
was adjusted to give the same shutdown margin with the central rod out as the reference case. 

§Case Z-338 had core 1 type fuel elements (uniform enrichment of 3.38 wt. %) in Zircaloy containers; enrichment 
was adjusted to give the same lifetime as the reference case. 
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represented the as-designed reactor, and three 
cases employing Zircaloy fuel-element boxes, 
cases Z-420, Z-386, and Z-338. These cases 
are described in the table. The results of the 
economic evaluation of the various cases are 
summarized in Table X-2. The savings are 
substantial in all the cases; it was concluded 
that the Zircaloy boxes would cost about 
$130,000 more than the stainless-steel boxes, 
but this cost was amortized over a 20-year 
core life and was insignificant in the final re- 
sults. 

Zircaloy-2 and Zircaloy-4 were evaluated for 
applicability over the expected 20-year life of 
the core. Corrosion, wear, and long-lived crud 
activity were found to be acceptable with the 
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only area of uncertainty being the susceptibility 
of Zircaloy to fretting corrosion. This problem 
might be accentuated on the N. S. Savannah re- 
actor because of its mobile nature, but the prob- 
lem of fretting corrosion is potentially present 
in any reactor employing Zircaloy as structural 
material. Reference 1 includes a review of pre- 
vious investigations on fretting corrosion of 
Zircaloy, which are considered inconclusive for 
the proposed application. The material appears 
susceptible to impact corrosion that might arise 
owing to repeated contact between fuel elements 
and their Zircaloy containers. The conclusion! 
is that this can only be answered by testing a 
mockup of a portion of the core under the pro- 
posed system conditions. 


| 
| 


| | 






Fuel-element container assembly.! 
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Table X-2 COST REDUCTIONS RESULTING FROM SUBSTI- 
TUTING ZIRCALOY FOR STAINLESS STEEL IN FUEL- 
ELEMENT CONTAINERS! 


Cost reduction, % (based on cost 
for reference case S-420)* 


Cost component Case Z-420 Case Z-386 Case Z-338 


Fabrication 49 38 9 
Net burnup 1 4 2 
Reprocessing 49 37 7 
Uranium use charge 7 15 26 
Working capital 2 5 9 
Total fuel cycle 32 26 10 


*See the Table X-1 footnotes for a description of the cases. 


Organic-Cooled Reactors: 
The Tripartite Meeting 


The Tripartite Organic-Cooled Heavy-Water 
Reactor Meeting was held in June 1962, and 
Ref. 2 is the collection of the papers presented 
at this meeting. Although most of the informa- 
tion is now rather old, the document does con- 
tain a collection of papers from Atomic Energy 
of Canada, Ltd. (AECL), which are not other- 
wise widely available. The participants at the 
meeting were from the AECL, the U. S. Atomic 
Energy Commission, and the Communauté Euro- 
péene de l’Energie Atomique. 

An early design of an organic-cooled deu- 
terium-moderated reactor experiment, the 
OCDRE, is described in Ref. 3. After this de- 
sign was reworked to include some additional 
experimental features, it was termed the OTR. 
It is now called the WR-1 and is scheduled 
for completion! in late 1964. A schematic of 
the WR-1 is shown in Fig. X-2. The basic aim 
of the reactor is to test fuels, materials, and 
coolants under reactor conditions. Parameters 
of interest are given in Table X-3. 

A key problem is one of materials, and sin- 
tered aluminum powder (SAP) is to be used for 
the cladding material of the WR-1. Because of 
the suSceptibility of zirconium alloys to hy- 
driding, their use for cladding and pressure 
tubes in the organic-cooled reactors is not 
straightforward, as evidenced by the following 
quotation: 

Zirconium alloys were considered in the early 
days of the organic program in the USA but were 
discarded due to unfavorable corrosion results. 
However, re-examination of the data showed a wide 
scatter in the results with some indication of prom- 
ise under certain conditions. Over the past two- 
year period several in- reactor and out- reactor 
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Fig. X-2 Cutaway4 of the WR-1. 


tests have been done at Chalk River with promisinz 
results. In the last and most severe test two fue: 
elements of UO, clad in Zircaloy-2 were irradiated 
for 3 weeks in an organic coolant with sheath tem- 
peratures of 460°C. No visible change occurred and 
a detailed examination showed that the sheaths hid 
picked up essentially no hydrogen. This makes the 
use of zirconium alloy sheaths and pressure tubes 
look very attractive, although there still is a great 
deal of work to be done. 


Reference 6 is a study of the use of zirconium 
alloys in organics, and the following are sug- 
gested as ways to use the alloys: 

—insulate the zirconium alloy from the or- 
ganic material 
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Table X-3 DESIGN PARAMETERS FOR THE WR-1 REACTOR 


Reactor type 


Total nuclear power, Mw(t) 
Reactor power, Mw (t) 
Number of fuel sites 


Power per site, maximum fuel 
rating, Mw 
Core data 
Lattice type 
Lattice pitch, in. 
Cell area, cm? 
Nominal hot core radius, in. 
Nominal core height, ft 
Actual core height, ft 
Maximum thermal-neutron flux, 
neutrons/ (cm?) (sec) 
Average/maximum axial flux 
Average/maximum radial flux 
Fuel-channel assembly 
Geometry 


Internal diameter, core region, 


in. 
Overall length 


Minimum wall thickness, core 


region, in. 
Approximate dry weight, lb 
Without fuel 
With fuel and coolant 
Material 
Fuel closure 


Fuel support 


Calandria form 


Material 

Nominal inside diameter 
Overall height, ft 

Wall thickness, in. 

Top head thickness, in. 
Bottom head thickness, in. 
Dry weight, less extensions, lb 
Calandria tubes 

Material 


Quantity 
Inside diameter, in. 


Wall thickness, in. 
Quantity 

Inside diameter, in. 

Wall thickness, in. 


Uranium oxide fuel, 
heavy-water mod- 
erator, organic 
coolant, vertical 
construction 

30.0 

28.6 

37 at 2.23% enrich- 
ment 


1.07 


Triangular 
9.25 

478 

29.54 

7 

8 


1.08 x 1014 
0.637 
0.776 


3.25 
33 ft 1.5 in. 


0.0315 


400 

700 

S.S. (initially) 

Standard mechanical 
type closure 

Fuel is hung from the 
fuel closure 

Vertical cylinder 
tapered on top side 
with dished top and 
bottom 

304L S.S. 

8 ft 10 in, 

16.5 

Á 

% 

1%, 

32,200 


ASTM B-210-60T- 
alloy 5052 alumi- 
num 

13 

4.755 

0.060 

24 

3.695 

0.050 


Heavy-water inventory at 120°F, lb 


Calandria 
Moderator system pipes 
Main pumps 
Demineralizer circuit 
Heat exchanger 
Helium pumps 
Instrumentation system 
Approximately 3% reserve 
Total 

Reactor heat transport system 
Total flow, lb/hr x 107° 
Outlet temperature, °F 
Inlet temperature, °F 


Maximum velocity through cool- 


ant tubes, ft/sec 

Design pressure drop across 
fuel, psi 

Channel outlet pressure, psi 

Fuel 

Fuel density at 20°C, g/cm? 

Sheath material 

Type of assembly 

Bundles/site 

Number of bundles in core 

Fuel length, hot, in. 

Overall bundle length, approxi- 
mate in. 

Sheath outside diameter, maxi- 
mum cold and hot, in. 

Sheath thickness, average in. 

Fuel temperature and ratings 

Maximum fuel temperature, °F 
At surface 
At center 

Maximum sheath surface tem- 
perature, °F 

Maximum internal pressure, 


psia 


Maximum surface heat flux, Btu/ 


(hr) (sq ft) 
Linear power rating, normal 
Of bundle, kw/cm 
Of element, Q/4x, watts/cm 
Heat flux distribution 


Coolant 
Material 


Final melting point, °F 
Vapor pressure at 700°F, psia 
Moisture content, ppm 


Estimated organic damage rate at 


30 Mw nominal and 30% high 
boiler, lb/hr 
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31,500 
2470 
120 
323 
1050 
106 

20 
1111 
36,700 


3.3 
700 
640 


30 


150 
165 


10.4 to 10.7 

SAP 

19-element bundle 
1 

37 

96 


106 


0.6035 and 0.6095 
0.0235 


1380 
3730 


895 
350 to 450 
298,000 


7.85 

36.4 

Sinusoidal in axial 
direction 


Mixture by weight of 
70% Santowax OM 
and 30% radiolytic 
tars 

152 

39 

Less than 100 


11.2 
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—coat the alloy with a material impervious 
to hydrogen, to prevent hydrogen pickup 

— control coolant conditions to maintain a 
protective oxide film on the zirconium alloy 

— reduce the hydrogen content until pickup is 
reduced to a tolerable rate 


Reference 6 is a progress report. It discusses 
experiments done with Zircaloy-2 and a Zir- 
conium — 0.5 copper—0.4 molybdenum alloy, 
called “ATR.” The authors came to the deci- 
sion that the evidence is not conclusively against 
the use of zirconium alloys in organic environ- 
ments. 

The basic design problem of a pressure-tube 
reactor is that of the pressure tube. The WR-1 
utilizes, for example, an aluminum calandria 
tube to keep the relatively cool moderator (90— 
200°F) from contacting the pressure tube (about 
650°F). In contrast, the Carolinas-Virginia 
Tube Reactor (the CVTR, a D,O-cooled reactor) 
uses internal insulation between the fuel bundle 
and the pressure tube, so that the pressure-tube 
temperature approaches that of the moderator 
[see Power Reactor Technology, 6(4): 63-81]. 
Several possible approaches are summarized 
in Fig. X-3, The design employing the internal 
liquid insulation is simple in concept but diffi- 
cult in practice; it is the concept used in the 


CVTR, which employs a multiplicity of thermal 
baffles, some attached to the pressure tube and 
some to the fuel bundle. The design employing 
internal solid insulation poses materials prob- 
lems. The Canadian workers have been studying 
the use of fibrous compressed silica insulation, 
known as MinK, for this application.’ The in- 
ternal gas insulation approach is not a natural 
one for a liquid-cooled reactor and did not re- 
ceive much attention in Refs. 4 and 7. The ex- 
ternal insulation concept, which is used for the 
WR-1, results in operation with a hot pressure 
tube. Operation of the tube at elevated temper- 
ature accentuates corrosion problems and re- 
duces greatly the probability of finding a suc- 
cessful zirconium alloy for the application. It 
also reduces the strength of the tube material 
and increases the required wall thickness. This 
consideration may be a less important one when 
an organic coolant is used, since the coolant 
pressure is not high. 
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This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission. Its purpose is 
to assist interested organizations in the task of keeping abreast of new results in reactor 
technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports that 
are judged noteworthy in the fields of power-reactor research and development, power- 
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a treatise on any part of the subject. However, related reports from different sources are 
often treated together to yield reviews having some breadth of scope, and background 
material may be added to place recent developments in perspective. Occasionally the re- 
views are written by guest authors. Reviews having unusual breadth or significance are 
placed at the front of the issue as Feature Articles. 

The intention is to cover the various areas of reactor development from the general 
viewpoint ofthe réactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Reviews, 
the overlaps will be motivated by this objective of viewing current progress through the 
eyes of the reactor designer. 

A degree of critical appraisal and some interpretationof results are often necessary to 
define the significance of reported work. Any such appraisal or interpretation represents 
only the opinion of the reviewer and (in the usual case, when the review is written by 
General Nuclear Engineering Corporation staff) the Editor. When the review is pre- 
dominantly interpretive the reviewer is named; unless identified as a guest author, he is 
a member of the General Nuclear Engineering Corporation staff. Readers are urged-to 
consult the original references to obtain all the background of the work reported and to 
obtain the interpretation of the results given by the original authors. 

For timely coverage, Power Reactor Technology must often review fragmentary mate- 
rial. The fixed subject headings listed below have been adopted in the hope of maintaining 
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| Physics 


Power Reoctor Technology 


Doppler Effect 


Results of recent transient tests on oxide- 
fueled cores in the SPERT reactor!” have 
proved the efficacy of the Doppler effect — more 
specifically the Doppler broadening of neutron- 
absorption resonances —as a shutdown agency 
in the event of accidental power excursions. The 
phenomenon is, of course, important only if 
strong resonance absorption is present in the 
reactor (usually absorption by a fertile isotope, 
381), or thorium) and if the substantial increase 
>f fuel temperature which is necessary to in- 
crease the Doppler broadening by a significant 
amount can be tolerated. The slightly enriched 
oxide fuels usually meet the requirements. How- 
2ver, even with these fuels the temperature 
margin available for Doppler shutdown may not 
oe large if the hypothetical accident occurs when 
the reactor is already operating ata power level 
nigh enough to cause fuel temperatures near the 
permissible limit. For this reason, the evalua- 
tion of the Doppler effect asa protective mecha- 
1ism in practical cases requires considerable 
attention to detail and particular attention to the 
evaluation of the effects of temperature distribu- 
-ton —both the gross distribution from fuel ele- 
ment to fuel element and the local distribution 
within individual elements—on the amount of 
reactivity compensation available before de- 
structive temperatures are reached. Similar 
considerations of detail are involved in the eval- 
uation of the Doppler contribution to the power 
coefficient of reactivity. 


Recent work that is applicable to practical 
Doppler evaluations is reported in Refs. 3 and 4. 
References 5 to 36 constitute a short bibliography 
of background material on the Doppler effect and 
related questions of resonance absorption in 
thermal and fast reactors. 


Reference 1 describes the detailed mathemati- 
cal methods developed for analysis of tempera- 
ture effects on the Doppler coefficient of reac- 
tivity and the resonance capture probability, 
including the important cases of a nonuniform 
temperature distribution in fuel rods arrayed in 
a reactor lattice. The analytical techniques used 
for solution ofthis problem consistin: (1) trans- 
formation of the Boltzmann equation, which de- 
scribes the steady-state transport of neutrons, 
into an integral equation whose solution can be 
expressed as a Neumann series; and (2) estab- 
lishment of a relation between Monte Carlohis- 
tories and the Neumann series to determine the 


proper form for the random variables that de- 


pend on the paths of the neutron histories. By 
application of this technique, it is possible to 
evaluate the various reactor parameters and 
their derivatives, e.g., the Doppler coefficient, 
by a new and direct method that has not been 
utilized before. | 

On the basis of the new method, a computer 
program, REPAD, was written for a cylindrical 
lattice cell containing a centrally located cylin- 
drical fuel rod with an arbitrary radial temper- 
ature distribution. Several specific cases for 
different fuel temperatures were investigated 
with REPAD, using water moderator and UO, 
fuel; both uniform and radially parabolic fuel- 
temperature distributions were treated. For 
each case, 12,000 histories were used. Running 
time on the IBM-709 is about 0.01 min per his- 
tory for uniform fuel temperature and 0.02 min 
per history for nonuniform fuel temperature. In 
the latter case, 24 temperature regions in the 
fuel were used. 

In the interpretation of the specific results 
obtained in the investigation, it is instructive to 
define 


T _ Ts + Tp 
av ~ 9 
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and 


< 
Pm = C > | 


where T, is the surface temperature and T, is 
the peak temperature at the center line of the fuel 
rod. Also, an effective temperature, T.f, isde- 
fined as that spatially constant fuel temperature 
which gives the same value of the reactor param- 
eter (in this case the Doppler coefficient of re- 
activity or the resonance capture probability) as 
obtained for a parabolic temperature distribution 
in the fuel. It is not expected that T. for the 
resonance capture probability (1 — p) will be the 
same as T, for the Doppler coefficient of reac- 
tivity, (1/p)(ap/eT). Valuesof Ter calculated for 
two cases of parabolic fuel-temperature dis- 
tribution are tabulated as follows: 


Tas °K Tps °K T/T, Tav °K Temi °K Teff, °K 


1520 for (1—?) 
840 2800 3.34 1820 1670 1400 for 
(1/p)(8p/8T) 


2730 for (1— 0) 
1820 3780 2.08 2800 2720 2800 for 
(1/P)(8p/8T) 


For the higher temperature case, the parabolic 
temperature distribution can be characterized by 
the average temperature, because Tav, Tim, and 
T. appear to give the same valuesof (1 — p) and 
(1/p)(@ p/aT) within the limits of statistical 
error. However, for the lower temperature run, 
which corresponds more nearly to practical op- 
erating fuel temperatures in a power reactor, 
the average temperature is a poorer approxima- 
tion to the effective temperature. Use of the aver- 
age temperature to characterize the parabolic 
distribution would, in this case, cause the fol- 
lowing errors: 


Percentage error caused 
by replacing Teff with 


Ts, K T, °K Parameter Ta Tim 
(1— p) 1.7 1.0 

840 2800 
in (8p/ ƏT) -9.0 —6.5 


A qualitative explanation in Ref. 3 gives 
reasons why the average temperature appears 
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to be a much better approximation to the effec- 
tive temperature for the case at the higher tem- 
peratures. 


Tabular data of the Doppler-broadened nev- 
tron cross sections of °%!Pu below 11 ev are 
given in Ref. 4 for temperatures ranging from 
27 to 3000°C. The capture, fission, and scatter- 
ing cross sections represent theoretical predic- 
tions based on the resonance parameters ob- 
tained from a multilevel analysis of the ?%“Pu 
total cross sections. The total cross-section 
data fitted in the analysis are those measured 
by Simpson and Schuman in 1960, as tabulated 
in Ref. 37. More recent measurements of the 
fission cross section of *4'Pu by T. Watanabe 
and O. D. Simpson [Phys. Rev. (to be published) 
and of the total cross section of 241Pu by N. J. 
Pattenden and by D. S. Craig and C. H. Westcott 
(unpublished) indicate that the older data of 
Simpson and Schuman, which were fitted in the - 
analysis, are not accurate over the peaks of the 
narrow resonances. For the fission cross sec- 
tion, the recent fission measurements indicate 
that the theoretical fission data, i.e., as pre- 
dicted from the total cross-section data, are in- 
agreement with the experimental fission data to ` 
the order of 10 to 20%. No experimental dataare | 
available to enable a similar comparison for- 
the capture and scattering cross sections of 
241 Du. 


Control-Rod Programming 


Calculational work performed in obtaining 4 
control-rod program for a large multiregics 
core of the pressurized-water reactor type is 
summarized in Ref. 38. The purpose was to pre- | 
dict the limitations on power when a given group 
of control rods is moved or to ascertain which 
control rods can be moved when the maximum 
reactor power is limited to a given value. The 
control rods are arranged in subgroups that car 
be moved independently, and there are many 
different orders in which the subgroups can be 
withdrawn. However, the rod-withdrawal pro- 
grams considered involved only sequential with- 
drawals from one rod pattern to a successive 
pattern in such a way that any rod, once with- 
drawn from the core, need never be inserted 
again. 

The core used as a model for the study was 
an 8-ft-diameter 3-region core. It was loadec 
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nonuniformly in the radial direction to give the 
most uniform radial power distribution when 
chemical shim was used for control. The addi- 
tional restriction was imposed that the 235U load- 
ing used be the greatest that could be controlled 
by movable cruciform control rods. This method 
of choosing the loading for the chemical-shim 
core was employed to provide a backup to the 
chemical-shim control concept in the event that 
movable control rods would be necessary for re- 
actor operation. For the case of the core con- 
trolled by movable control rods, two concepts 
were studied: (1) partial control by chemical 
shim and 44 movable control rods, and (2) con- 
trol by 44 movable control rods plus 8 fixed 
shims. 


In the development of a suitable rod- 
withdrawal program, consideration was given to 
the restrictions imposed by the limiting peak-to- 
average power-density ratio in the core corre- 
sponding to full-power rating. A restriction im- 
posed upon the rod-withdrawal program is that 
the nuclear radial peak-to-average power- 
density ratio must never exceed 2.30. The re- 
sulting permissible axial power distribution then 
imposes the restriction that the worth of any 
rod subgroup used cannot be greater than 2.5%; 
otherwise the perturbation of the axial power 
distribution would restrict the power capability 
of the core. 


Reference 4 describes the method of analysis 
and results obtained in arriving at a control- 
rod-withdrawal program (with partial chemical 
shim and fixed shims) which satisfies restric- 
tions and considerations imposed as basic 
ground rules for the study. First, the numberof 
control rods needed to shut down the reactor is 
determined for the case in which the most re- 
active rod is stuck in its fully withdrawn posi- 
tion. Various orders of rod withdrawal are then 
investigated, and the two-dimensional power 
distributions are compared to obtain the most 
desirable ratio of peak-to-average power. Ef- 
fects on power distribution of nonuniform build- 
up of plutonium and fission products and of 
fuel depletion are not considered. The rod- 
withdrawal program resulting from the study is 
displayed in Fig. I-1. Also given are the reac- 
tivity associated with each control-rod subgroup 
that is withdrawn (k) and the radial power- 
peaking factor associated with the pattern of 
rods remaining in the core(F). Figure I-1 ap- 
plies to control by 44 movable control rods plus 
chemical shim for equilibrium xenon. If control 
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were effected by 44 rods and 8 fixed shims, re- 
activities would be about 3% higher than values 
shown in Fig. I-1. When operating with fixed 
shims, the vesse1 would be opened when the 16- 
rod pattern was reached for removal of the 
shims. After shim removal 44 rods would be 
employed for control. 


Short Notes 


Results of a survey of experimental cross 
sections and other nuclear data for zirconium 
are presented in Ref. 39. The sources of in- 
formation are given, and the interpretations 
made to produce a tabulation of nuclear data 
for use in neutronic calculations are described. 


Measurements in water of the age of fission 
neutrons to indium resonance energy (1.46 ev) 
are described in Ref. 40. The measurements 
utilized a finite plane fission source and essen- 
tially infinite plane detectors so as to be equiva- 
lent to a measurement using axial detectors and 
an infinite plane source. The advantage of this 
experimental approach is that the measured re- 
sults do not require calculated corrections to 
extrapolate to infinite source geometry, as is 
the case in measurements using axial detectors 
with a finite plane or point source. The remain- 
ing corrections to the data are small and well 
understoood. The reference describes the de- 
tails of the experimental setup, experimental 
procedures, and methods of data reduction. The 
fission-neutron age measured in the experiment 
(to 1.46 ev) was 26.45 + 0.32 cm?’ at a water den- 
sity of 1.0 g/ml. For comparison, the com- 
parable calculated age is given, as obtained with 
the Monte Carlo computer code TYCHE*! which 
includes the effects of both inelastic scattering 
and anisotropic elastic scattering in oxygen. The 
calculated age is 25.62 + 0.24 cm’, 


A review of neutron thermalization in Ref. 42 
describes briefly the various techniques de- 
veloped, their relation to one another, and their 
applications. Emphasis is placed on those as- 
pects which are closely related to reactor de- 
sign and, since digital computer codes are fre- 
quently used, to the numerical methods and 
codes that have been developed. The individual 
methods are surveyed in just sufficient detail to 
reveal the essential physics or the key to each 
method. An extensive bibliography is included, 
and it covers specific topics related to the neu- 
tron thermalization problem. 
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44 Rods 40 Rods 36 Rods 
k= 0.956 k= 0.974 k = 0.997 
F= 3.19 F= 2.19 F= 2.29 
32 Rods 28 Rods 24 Rods 
k= 1.01] k= 1.029 k= 1.045 
F= 2.03 F= 2.07 F=2.25 
20 Rods 16 Rods 12 Rods 
k= 1.057 k= 1.076 k =!.086 
F= 1.88 F=1.93 F=1.74 
8 Rods 4 Rods No Rods 
k=1.096 k= 1.108 k= {.121 
F= 1.97 F=1.7) F= 1.40 


Fig. I-1 Control-rod-withdrawal program.® Here b is the neutron multiplication factor, hot at zero 
power, with boron to control the equilibrium xenon swing, and F is the radial peak-to-average power 
factor. 
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Power Reoctor Technology 


Burnout in Steam-Water 
Mixtures 


By John S. Wiley 


The DNB-2 Curve and Its Significance 


The first article in this series on two-phase 
burnout, Sec. HI, Power Reactor Technology, 
7(1), presented data (Figs. III-6 and III-7 of that 
‘article) showing lines arbitrarily called DNB-1 
and DNB-2. The discussion in the succeeding 
two articles was directed to typical DNB-1 be- 
havior; the purpose of this review is to discuss 
the significance of the DNB-2 line. The terms 
“DNB-1” and “DNB-2” were coined by Leve- 
dahl,' who first published burnout data on a 
steam-energy flow (SEF) plot.* The application 
of the terms to the constant inlet-temperature 
data shown in Fig. II-1, however, is somewhat 
arbitrary since the data indicate a transition 
zone between the DNB-1 and DNB-2 curves. 
Data taken at an inlet subcooling (SC) or 62°F, 
for example, plot in a nearly vertical curve. 

When DNB data are considered on an SEF 
plot, remember that the abscissa and ordinate 
of the plot are always related by the heat bal- 
ance 


$ = D/4L SEF + G(H, — Hi,)] (1) 
= D/4L7 (SEF + GAH,,) (2) 


The experimenter may take data on burnout heat 
flux by setting G, for example, and varying Hin, 


*Steam-energy flow is the product Gx,hy;, where G 
is the mass flow in pounds per hour per square foot, 
x, is the exit quality, and hygis the vaporization en- 
thalpy in British thermal units per hour per square 
foot. 
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or he may vary G at given values of Hip. Figure 
II-1 illustrates burnout data at 2000 psia from 
Table 21 of Ref. 2. The way the data are pre- 
sented in the table suggests that the DNB points 
were established by making a series of runs 
with varying mass flow and constant inlet tem- 
perature, and the solid lines on Fig. II-1 depict 
this method of operation. The dashed lines, 
which are cross plotted, suggest that the experi- 
ments could have been run equally well by set- 
ting the mass flow at a constant value and vary- 
ing the inlet temperature to find the DNB point. 
Thus DNB-2 lines on Fig. II-1 do not appear 


unique and could have been obtained by cross- 


plotting data taken at constant mass flow. The 
question this review attempts to answer, there- 
fore, is whether the DNB-2 curves ever do rep- 
resent some unique behavior that would contrib- 
ute to our understanding of burnout phenomena. 


Figure II-2 illustrates additional 2000-psia 
data appearing in Table 10 of Ref. 2. The few 
points were taken at a mass flow of about 0.5 x 
10° lb/(hr)(sq ft), anda possible “best-fit” curve 
through the several points is shown as curve A 
in Fig. II-2. If curve A did represent the be- 
havior of @so with SEF at constant mass flow, 
then the deviation of the runs from the curve 
could be attributed to statistics. If more Table 
10 data were plotted,* however, it would become 
evident that curve A is not really the best-fit 
curve and that the data could be better repre- 
sented by DNB-1 and DNB-2 curves. If a 
constant-G curve is drawn on Fig. II-2, it takes 
a nose dive, as shown by curve B. This sort of 
behavior is not what is observed in Fig. II-1, 
where the constant-G curves are all quite 
straight. The writer therefore concludes that at 
least two different burnout mechanisms are il- 


*A presentation of Table 10 data is shown in Fig. 
HI-7, Power Reactor Technology, 7(1). 
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lustrated in Fig. II-2, whereas the burnouts 
plotted in Fig. II-1 probably were all caused by 
a single mechanism. This argument is not par- 
ticularly convincing at present because only a 
few points are shown on Fig. II-2. Further data, 
from experiments at 1000 psia, will be consid- 
ered in an attempt to substantiate that burnouts 
giving DNB-2 lines can be caused by a different 
burnout mechanism than burnouts giving DNB-1 
lines. 


It is instructive to assume that one has avail- 
able a number of test sections, of agiven diam- 
eter but a variety of lengths, and to proceed to 
conduct, conceptually, a number of experiments 
to determine the burnout heat flux. Such pro- 
grams have, in fact, been carried out many 
times in laboratories all over the world. Typi- 
cal data for a test section having a length of 17 
in. and an inside diameter of 0.220in. are shown 
in Fig. II-3. These are data of Lee and Obertelli’® 
and were taken at a nominal pressure of 1000 
psia. It is evident that data taken at subcoolings 
from about 10 to 135°F plot on a single DNB-1 
line. 


Inlet Subcooling ,°F 


O 62° FSC 
O IO°FSC 
A I35°F SC 
© 335°F SC 
© 435°F SC 
O535°F SC 


$309 /10 6, Btu/(hr)(sq ft) 





SEF/1O8 Btu/(hr)(sq ft) 


Fig. W-1 Steam-energy flow plot of data from Table 
21 of Ref. 2. Pressure = 2000 psia, Lr= 27 in., and 
flow-channel thickness = 0.097 in. 
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Fig. I-2 Steam-energy flow plot of burnout dau x 
from Table 10 of Ref. 2. G/10% = 0.5 Ib/Qr)(sq í | 
and pressure = 2000 psia. 
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Fig. II-3 Steam-energy flow plot of runs 56 to 900° | 
Ref. 3. Pressure = 1000 psia (nominal), Ly = 17.0 in., 
and D = 0.220 in. 


As tube length is increased to 34 in., the dats 
take the appearance shown in Fig. H-4. The 
DNB-1 line is depressed, and this length effec: 
has been discussed in Sec. III of Power React. : 
Technology, T(3). As the tube is lengthened t: 
53.5 in., data plotted in Fig. H-5 are obtained. 
At first glance the DNB-2 data plotted in Fig. 
II-5 suggest no unusual behavior and, indeed, 
look quite similar to data shown in Fig. H-!. 
The spread of the data seems to call for some 
attention, however, for at 1000, psi the SEF plist 
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rdinarily pulls together the data for a tubular 
‘st section, so that data for a rather wide 
ange of mass flows falls on a single line, at 
‘ast in the DNB-1 range. 

Figure II-6 compares Lee-Obertelli data with 
ata appearing in Ref. 4, which reports work 
>ne by the Centro Informazioni Studi Esperi- 
ize (CISE). The particular Ref. 4 data plotted 
ere taken with a steam-water mixture fed to 
ie test section, and, if burnout is independent 


2.0 





L=I7 in. 
J see Fig. 1-3 


G/10& 


"HOY Oru Vnt 


SI5° FSC 
A X 60°FSC 
O5- O %35°FSC 


O l 2 3 4 5 
SEF/IOŠ Btu/(hr)(sq ft) 


g. H-4 Steam-energy flow plot of runs 117 to 134 
Ref. 3. Pressure = 1000 psia (nominal), Lr= 34.0 
., and D = 0.220 in. 
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g-H-5 Steam-energy flow plot of runs 135 to 152 
Ref. 3. Pressure = 1000 psia (nominal), L r= 53.5 
., and D = 0.220 in. 
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Source Symbol Condition 


Ref. 3 O =*I|O°F Iniet 
LT =79in., D=0.22in O =60°F Subcooling, 
Runs 208 to 225 Ó wl30°F G as Shown 
2.0 Ref. 4 o 0.8 
LT = 314.4 in., D=0.24 in. ô 1.7 
Test Section 58 ° 2.9 


G/IOS, 
Ib/(hrKXsaft) 


DNB-I 
Curves for 
Lyr=l7 in. See Fig. 1-3 


Ppo /108, Btu/(hr)(sq ft) 
° 


O 
on 


Curves 
Instability sah 


ONB-2 
Curves 





SEF/IO®, Btu/(hr)(sq ft) 


Fig. Il-6 Comparison of data in Ref. 3 (Lee and 
Obertelli) and Ref. 4 (CISE data). Pressure = 1000 
psia (nominal). 


of upstream history, then the 31.4-in. CISE test 
section should be equivalent to the last few 
feet of the 79-in. Lee-Obertelli test section.* 
Curves, arbitrarily called DNB-2’, have been 
placed through the CISE data (neglecting, for 
the moment, the portion labeled “instability 
branch”), and it is evident that they coincide 
fairly well with the Lee-Obertelli data at the 
corresponding mass flows. The DNB-2’ curves 
have been extrapolated to the DNB-1 curve with 
a shape suggested by data appearing in Ref. 5. 
The vertical, extrapolated portion of the DNB-2’ 
curves plotted on Fig. II-5 represent what 
Collier® calls “dryout,” where the heat-transfer 
coefficient is reduced from a high value in the 
forced convective region to a value near that 


*The test sections used to take burnout data re- 
ported in Ref. 3 had lengths of 3.9, 8.3, 15.8, and 31.4 
in. Although there is a length effect observable in the 
SEF plots of CISE data, changing the length from 15.8 
to 31.4 in. has but little effect on the positions of the 
DNB-2’ curves. 
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expected for heat transfer by forced convection 
to dry steam. 


In Fig. 0-6 is shown an attempt to reconcile 
‘burnout data taken with test sections employing 
both single- and two-phase feed. This possi- 
bility has been considered on page II-184 of 
Ref. 4, which is quoted as follows: 


... experiments in the quality region carried out 
with subcooled water at the inlet, cannot be directly 
compared with data taken with water and steam en- 
tering the test section... 


The above quotation might be interpreted as 
stating that it is difficult to obtain the complete 
set of DNB curves with but one test section of 
given dimensions. For example, the DNB-1 data 
usually come from low L/D test sections, 
whereas the DNB-2 data come from high L/D 
test sections. As L and D are changed to ex- 
plore different regions, they in themselves af- 
fect so, and, until the effects of L and Don 
Bo are known precisely, this confounding effect 
makes analyses difficult. The importance of this 
should not be underestimated, for it acts asa 
restraint of great binding power on the experi- 
menter. Suppose, for example, the objective is 
to determine the position of the DNB-1 line with 
a test section having an L7/D of 300 and mass 
flows of about 1 million lb/(hr)(sq ft). Experi- 
ence indicates that po will be of the order of 
1 million Btu/(hr)(sq ft) at a value of SEF = 0. 
If these numbers are put into Eq. 1, it can be 

shown that the experiment must be conducted 
with the water at an inlet subcooling of about 
1200 Btu/lb. To avoid working with cryogenic 
fluids, the experimenter must therefore explore 
the DNB-1 region with test sections oflow L/D. 
However, he then is unable to explore the DNB-2 
region without using two-phase feed to the test 
section. Accordingly the constant-G curves im- 
plied in Fig. H-6 will probably be difficult to 
obtain with a single test section of given dimen- 
sions employing only single-phase feed. 


Figure II-6 bears a striking resemblance to 
curve B of Fig. II-2 with respect to the “droop” 
in the constant-G curves and lends credibility 
to the hypothesis that some DNB-2 type burn- 
outs are caused by a different burnout mecha- 
nism than that operating to cause DNB-1 type 
burnouts. Unfortunately a discussion of burnout 
mechanisms usually is of a qualitative nature, 
and the state of the art is such that it would be 
hazardous to say which burnout mechanism was 
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responsible for the termination of a given burn- 
out experiment. 

From the standpoint of simplifying the vari- 
ables that must be considered by the designer, 
it would be fortunate if all DNB-2 type burnouts 
at the pressure under consideration (1000 psia) 
were caused by a single mechanism. Unfortu- 
nately there appears to be at least one other 
mechanism that gives burnout data which, when 
plotted on an SEF plot, exhibits curves of the 
DNB-2 type. This is labeled “instability branch” 
in Fig. H-6. This particular set of data is typi- 
cal of behavior experienced in a relatively large 
number of runs at pressures from 580 to 1200 
psia (nominal) and mass flow rates of about 
0.8 x 10° Ib/(hr)(sq ft). The region of the inter- 
section of the instability branch with the appro- 
priate DNB-2’ curve line is discussed in Ref. 4 
and is termed the “maximum po,” although it 
pertains only to a particular value of mass flow. 
The authors of Ref. 4 state that this maximum 
in burnout heat flux is related to a change in 
flow and heat-transfer mechanisms, and they 
suggest that the behavior near the maximum is 
related to some kind of instability due to a 
change in flow pattern at the inlet of the heated 
tube. The following is quoted from Ref. 4: 


Rather strong pressure oscillations were ob- 
served at low qualities. These oscillations, muck 
more relevant at low flowrates, are probably due t. 
flow instabilities; it must however be noted that the 
efficiency of the pressure control loop decreases 
with flowrate. The oscillations were seen both at 
the absolute and at the differential manometers; ~ 
quantitative measurements were made of their am- 
plitude, frequency and of the flow conditions at whict 
they appeared. Usually, experiments were not per- 
formed when oscillations higher than #1 kg/cm’ 
were detected at the absolute manometer, and 1: 
this case more stable conditions were reached bx 
increasing inlet quality. 


Not many experiments have been reported in 
the open literature wherein carefully controlled 
observations were made to explore oscillatory 
behavior in heated sections. The designer is 
usually given burnout data, which consists of 
values of mass flow, inlet enthalpy, pressure, 
burnout heat flux, and exit quality at burnout. 
Because the experimenter does not ordinarily 
know the more detailed conditions inside the 
tube at burnout, such as phase distributions and 
burnout mechanisms, this information is not 
presented. The method of detecting burnout 
varies widely, and the final value of go set 
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down by the experimenter in his data table may 
invOlve subjective considerations.* Often the 
experimental equipment is not set up to detect 
fast transients in flow, pressure drop, or wall 
temperature. These considerations lead the de- 
Signer to apply relatively large safety factors 
on burnout because the experimental data, when 
reduced to a correlation, may not be particu- 
larly applicable to his case; for example, hy- 
draulic instability rather than steam blanketing 
of heat-transfer surfaces may be the limit on 
his particular design, whereas the correlation 
he is using may pertain to burnout caused by 
transition to film boiling. 

Accordingly the experiments of Quandt® are 
of interest because they are one of the few re- 
ported studies on flow oscillations in a test 
section producing a steam-water mixture. The 
experimental equipment used was modified to 
make it more suitable for measurement of flow 
oscillations. Special high-speed instrumentation 
was employed to measure test-section flow and 
pressure drop, overall pressure drop, total 
pressure, inlet plenum temperature, and test- 
section outside wall temperature. Tests were 
run in Bettis High-Pressure Loop No. 23, which 
was modified; a high-flow bypass was used in 
parallel with the test section to ensure a con- 
stant overall pressure drop. 

The following quotation’ serves to define what 
was observed during the course of burnout runs: 


Experimental Observations of Flow Oscillations 


This discussion will supplement the quantitative 
data previously presented with a qualitative de- 
scription of anoscillation test conducted at constant 
over-all pressure drop and increasing heat flux. 
First the total pressure drop was established at a 
zero power condition corresponding to the desired 
initial flow. From this point the heat flux was in- 
creased in small steps with steady-state conditions 
being established after each step in order to record 
the flow decrease and the various test section and 
coolant temperatures. Since the flow through the 
unheated by-pass was about 20-30 times the heated- 
section flow, minor adjustments were sufficient to 
maintain a constant over-all pressure drop. During 
this increase in power, the fast-response instru- 
ments showed relatively steady flows and pres- 
sure drops with a normal amountof noise appearing 
on the traces due to turbulent flow (approximately 


*Pages II-174 to II-177 of Ref. 4 contain an excel- 
lent description of the problems besetting the deter- 
mination of which value of $ represents %po. 


15-25% of the reading and at roughly the natural 
frequency of the transducer system ...). Due to this 
rather high noise level the fast-response instru- 
ments were not used to measure absolute values. 


When the flux was high enough for the’ channel to 
be near an oscillating condition the increments in 
power from one steady-state point to another were 
reduced to 2% of the existing flux. Eventually a 
steady-state condition was reached where the nor- 
mal small driftof loop variables such as inlet tem- 
perature, total pressure, heat flux, etc., was suffi- 
cient to cause the flow and channel pressure drop 
to begin a well-defined sinusoidal oscillation, die 
out, and start again. These ‘‘incipient oscillations’’ 
would appear with amplitudes roughly 30% of the 
average flow reading, while the other variables 
which were being recorded with high-speed instru- 
ments showed no variation other than normal noise. 
If, at this point the flux was increased by 2%, self- 
sustained flow oscillations of constant amplitude 
would result. If the fluxwas lowered by 2%, the flow 
would resume the normal noise pattern. Therefore 
it was possible to determine rather precisely the 
conditions at which flow oscillations began. Upon 
further small increases in heat flux the amplitude 
of the flow oscillation increased rapidly, then lev- 
eled out with the instruments showing an extremely 
reproducible, and now nonlinear, oscillation of defi- 
nite frequency. At this point both heated channel 
flow and pressure drop showed the oscillations 
while the over-all pressure drop, channel outside 
wall temperatures, and inlet temperature remained 
steady. 


Continuing increases in heat flux finally caused 
the over-all pressure drop and the test-section-wall 
temperature to pick up the oscillation. Hence the 
oscillation had become strong enough to influence 
the external loop and the test section inside sur- 
face was passing in and out of a burnout condition 
every cycle. Continued increases in heat flux caused 
the inlet water temperature to begin to oscillate, 
indicating that the flow had begun to pulse out the 
inlet of the channel. This last point might occur at 
10-20% higher power than the point of initial oscil- 
lation. Further increases in heat flux resulted fi- 
nally in a wall-temperature excursion (burnout) 
superimposed on top of the oscillation. In some 
runs burnout occurred before any of the secondary 
oscillations began, and this complete pattern did 
not occur. 


Results of the experiments are plotted in 
Fig. II-7. These data are called “values at last 
stable condition” and presumably correspond to 
data taken at the point (in time) “at which flow 
oscillations began.” The data line up nicely into 
DNB-2 curves with the exception of the two 
1200-psia runs at a subcooling of 115°F. Their 
behavior suggests that they may lie on a DNB-1 
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curve or at least near the intersection of the 
DNB-1 and DNB-2 curves. The data in Fig. H-7 
are replotted in Figs. II-8 to I-10; however, in 
these curves, instead of so, the fractionable 
length of the test section undergoing boiling at 
burnout, (Lp/L7)s9 is plotted as a function of 
mass flow with inlet subcooling as aparameter. 


o -600psio 
4-800psio 
°:1200psia 
©-1600psia 


DNB-2 Curve 
55 to 60° FSC 


5 to I3°FSC 
DNB -2 Curve 
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Fig. II-7 Steam-energy flow plot of data from 
Quandt. Pressure, mass flow, and inlet subcooling 
as indicated. 
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Fig. II-8 Fractional lengthof test section undergoing 
boiling at point of burnout vs. mass flow. Comparison 
of datain Refs. 2 and 6. Pressure = 600 psia and inlet 
subcooling as indicated. 
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The call-outs “D,” “DO,” and “O” signify 
whether the runs were terminated by burnout 
occurring first, burnout and oscillation occur- 
ring simultaneously, or an oscillation occurring 
first, respectively. These results were taken 
from Table 1 of Ref. 6. Also plotted on Figs. 1-8 
to II-10 are data taken from Table 21 of Ref. 2. 
The Table 21 data were taken in a test section 
whose nominal dimensions were the same as 
those of the of the test section used to take the | 
Ref. 6 data, and the data originally appeared in 
Refs. 7 to 9. The latter references suggest that | 
the Table 21 data were taken in test loops with- | 
out a parallel channel flow, although the loops 
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Fig. II-9 Fractional lengthof test section undergoing 
boiling at point of burnout vs. mass flow. Comparison 
of data in Refs. 2 and 6. Pressure ~800 psia and iniet 
subcooling as indicated. 
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Fig. II-10 Fractional length of test section under- 
going boiling at point of burnout vs. mass flow. Com- 
parison of data in Refs. 2 and 6. Pressure = 12 
psia and inlet subcooling as indicated. 
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utilized could have provided an alternate flow 
path. 

It is of interest to speculate as to whether 
the same instability or oscillatory behavior was 
operating in the Table 21 experiments as in 
those of Quandt. Figure II-8 reveals some dis- 
parity between the (L,/L,)so values from Table 
21 and those from Quandt. In the Quandt runs, 
which exhibited some sort of oscillatory be- 
havior, burnout always occurred at lower values 
of (L,/L;)so than in the Table 21 runs. This is 
also true at the higher pressures (Figs. II-9 
and II-10), although at low subcooling the dif- 
ference is minor. Values of so are indicated 
for two of the runs plotted in Fig. I-10. What- 
ever was happening within the Table 21 test 
section for the burnout run with ġpo = 0.54 x 10° 
Btu/(hr)(sq ft), it represents a 38% increase in 
heat flux compared to the corresponding value 
observed by Quandt of 0.39 x 10° Btu/(hr)(sq ft). 

An interesting series of experiments is de- 
scribed in Ref. 10. The authors had noticed that 
values of ¢go taken in various laboratories ex- 
hibited “very considerable divergences.” Al- 
though test sections of different lengths were 
utilized for the various runs, the divergences 
were greater than could reasonably be assigned 
to the effect of that variable. Accordingly a test 
loop was fabricated which produced feed for the 


ae, 


test section by condensing high-pressure steam, 
as shown schematically in Fig. 0-11. It was 
discovered that so (or qc in the terminology 
usually used in Russian heat-transfer litera- 
ture) depended on which valve was used to 
throttle the high-pressure steam. This is illus- 
trated in Fig. II-12. Burnout was indicated by 
reddening of the test section, and the authors 
state that they believe the lower branch of the 
burnout curve was due to the presence of pulsa- 
tions. Traces of flow-time curves shown in the 
reference illustrate the oscillatory behavior of 
the coolant flow rate upon approaching burnout 
with the flow rate controlled by valve No. 1 
(Fig. I-11). Similar behavior was evidenced 
when the compressible volume shown in Fig. 
II-11 was filled with steam or water with a 
temperature above 572°F. In Figs. I-13 and 
II-14 are shown the results of hundreds of runs 
leading to burnout in pulsating and nonpulsating 
systems. 

The variety of DNB-1 lines shown in Fig. 
II-13 is interesting. At qualities less than zero, 
qc: iS length independent; this could be the region 
where film boiling causes burnout, as it would 
seem reasonable that formation of a patch of 
steam over a local, heated area would be inde- 
pendent of upstream conditions. In the quality 
region, q.; becomes length dependent, suggest- 
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Fig. H-11 Schematic of experimental apparatus used to take data reported in Ref. 10. 
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Fig. H-12 Critical burnout heat flux vs. quality.!° Pressure = 100atm abs., mass flow = 400 kg/(m’) 
(sec), tube inside diameter = 8 mm, and Ly/D = 20. (Data not shown.) 
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and L7/D is as indicated. (Data not shown.) and L7/D is as indicated. (Data not shown.) 
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ing that an entrance effect isimportant, although 
it certainly extends to large values of L/D. 
Tick marks are shown on the curves to show 
the transition point from single-phase to two- 
phase feed to the test section. These tick marks 
were added by the reviewer. A relatively large 
number of “instability branches” are shown in 
Fig. II-14, all arising from runs with single- 
phase feed. 

The “stabilizing” of an otherwise unstable 
burnout is discussed in Ref. 11. This consists 
in orificing the test section between its inlet 
and the expander (Fig. II-11). The following is 
quoted from Ref. 11: 


... The throttles between the expander and heated 
channel do not always exclude the undesired con- 
ditions as transition from type 1 to type 2 can be 
effected only if the pressure drop in the throttle 
separating the heated channel from the preceding 
section is rather substantial. Thus, for example, 
in runs... at P = 100 atm and Wg = 400 kg/m? sec 
the pressure drop needed amounted to about 10 
kg/cm? TE 


A pressure drop through an inlet orifice of about 
140 psi is considerably more than design prac- 
tice would dictate in this country, and it is of 
interest to note that orifices with a resistance 
of about 30 psi were used in the Russian First 
Atomic Power Station for the boiling channels.” 


<. © Successful working in the boiling regime made 
it possible towards the middle of 1957 to transfer 
more than half of the channels of the reactor (70), 
into the boiling regime. 

Beginning at that time, spent channels were re- 
placed by channels with the resistance disk at the 
entrance end of the fuel element. The resistance of 
the disk was 2 atm at a flow 250 kg/hr. Lengthy 
operation of the majority of the channels in the boil- 
ing regime showed that no hydraulic pulsation or 
instability of flow would occur under these condi- 
tions. 

Working in the boiling regime gives typically a 
steam content at the exit end of the channels of 
5-25 wt. with thermal ratings of 0.6-1.3 x 105 
keal/m? hr with water flows along the channel of 
0.7-1 m/hr at a pressure of 100 atm and a temper- 
perature at the inlet end of 190°C. 


The First Atomic Power Station is a pressure- 
tube graphite-moderated reactor. 

In summary, the DNB-2 lines are of little 
use for design purposes. Some DNB-2 type burn- 
outs are caused by instabilities within the test 
section, but it is difficult to apply these data to 
reactor design. Some DNB-2 type burnouts ap- 
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pear to be caused by a different burnout mecha- 
nism than DNB-1 type burnouts, but in any case 
little is known about the details of what happens 
within the test section. Possibly the best use of 
the DNB-2 line is as a signal to the experi- 
menter that, if his data fallon DNB-2 curves, he 
may be generating ambiguous information, which 
will probably prove difficult for the designer to 
use with confidence. 


Burnout in Nonuniformly Heated Channels 


Much information is available on the burnout 
of channels of various shapes for an axially 
uniform power-generation rate, but axial uni- 
formity is never encountered in actual nuclear 
reactors. Several reports have been written 
about burnout in connection with nonuniform 
axial power generation,'3~" and this section will 
review those publications. 

Work done at General Electric’s Atomic Power 
Equipment Department (GEAP) utilized a heated 
rod in annular geometry. Test sections were 
fabricated to give both a cosine and truncated 
cosine distribution of heat flux. This was ac- 
complished by a technique of axially varying the 
wall thickness of the tube, and the method was 
common to experiments done at the other labo- 
ratories. The relative heat generation in the 
cosine and truncated cosine rods is shown in 
Figs. I-15 and II-16. A number of thermocou- 
ples were spot welded to the inside diameter of 
the test section and served as temperature or 
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Fig. U-15 Relative heat-flux distribution— cosine 
rod No, 4.13 
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Fig. 0-16 Relative heat-flux distribution— truncated 
cosine rod No. 20.4 


voltage detection devices. Burnout was detected 
by a bridge that measured imbalance in the re- 
sistance of two adjacent segments of the heated 
rod and with the thermocouples. Details of the 
apparatus and other parameters of interest are 
shown in Table II-1. 

Reference 13 gives the test-section average 
heat flux and exit quality at burnout-detector 
trip and the local heat flux and quality for those 
thermocouple positions at which a temperature 
rise was indicated.* The local data are plotted 
in Figs. II-17 to I-19, where they are com- 
pared with data for a similar test section heated 
uniformly. The data for the uniformly heated 
test section are from Ref. 16. In Ref. 13 the 
conclusion is that the nonuniformly heated rod 
data averaged 9 to 20% low compared to a cor- 
relation of the uniformly heated rod data given 
in Ref. 16. It was concluded" 


... that the uniform rod burnout correlation can 
be used to predict burnout for cosine heat flux dis- 
tribution. It is tacit in this conclusion that burn- 
out depends only on local conditions of quality and 


*The thermocouples were positioned at finite loca- 
tions along the heated length of the test section, and 
there would seem to be no guarantee that burnout 
would take place at a position immediately adjacent 
to a thermocouple. This source of error is not dis- 
cussed in the reference. Possibly it is a minor one, 
because in many runs wall-temperature increases 
were observed by several thermocouples simultane- 
ously. 
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flow ... The nonuniform rod data points averaged = 
to 20 percent low. The magnitude of this deviatio- 
is considered small, and of the same order as thal 
for the uniform rod data upon which the correlatio: 
was originally based. 


Figures I-20 and II-21 show the average heat 
flux at burnout plotted as a function of the ex: 
quality at burnout. This particular method oi 
showing nonuniform heat-flux burnout data is 
recommended in another reference and will be 
discussed later. Also plotted in Figs. 11-20 and 
II-21 are the results of the uniformly heated 
test-section burnout runs. A difference is evi- 
dent between the burnout data, for example Fig. 
II-17, from the uniformly and nonuniformly 
heated test sections. Whether this is due to the 


Table II-1 CONDITIONS FOR GEAP BURNOUT TESTS" 





Rod outside diameter, in. 0.540 
Flow-tube inside diameter, in. 0.875 
Hydraulic diameter, in. 0.335 
Heated length, in. 

Cosine rod 108 

Truncated cosine rod 91 
Pressure, psia 1000 
Flow rates, lb/(hr)(sq ft) x 1076 0.84 to 1.40 
Exit quality range, % 12 to 35 
Peak to average power generation (approx.) 

Cosine rod 1.4 

Truncated cosine rod 1.3 
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Fig. I-17 Comparison of uniformly and nonuni- 
formly heated test-section burnout data. Pressure = 
1000 psia and mass flow = 0.84 x 108 lb/(hr) (sq ft). 
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nonuniform shape of the heat-generation rate is 
not necessarily obvious, for other variables may 
be involved. An indication of another variable is 
given by the series of cosine rod-burnout data, 
starting with run 16 and terminating with run 


A Cos. 


© Trun a Ref.13 


o Uniform, Ref. 46 
Runs (5! to 164 
Uniform, Ref. 16 
Runs 128 to 139 
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23; these runs are shown in Figs. II-19 and 
II-21. Runs 16 to 20 utilized heated rod No. 59, 
which was destroyed during run 20 by a burn- 
out. Rod No. 42 was then employed for runs 21 
to 23, which were close duplicates of the mass 
flow, inlet subcooling, and pressure of runs 17, 
18, and 16, respectively. These duplicate runs 
are marked on Fig. II-19 with dashed connecting 
curves, and it can be seen that runs 21 to 23 
produced slightly different results than runs 16 
to 18. This is particularly evident in Fig. I-21. 
Test section 59 had been used for at least 15 
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formly heated test-section burnout data. Pressure = 


1000 psia and mass flow = 1.1 x 105 lb/(hr) (sq ft). Exit Quality 


Fig. I-20 Comparison of uniformly and nonuni- 
formly heated test-section burnout data. Pressure = 
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Fig. 1-19 Comparison of uniformly and _ nonuni- 
formly heated test-section burnout data. Pressure = 
1000 psia and mass flow is as indicated. 


Fig. II-21 Comparison of uniformly and _ nonuni- 
formly heated test-section burnout data. Pressure = 
1000 psia and mass flow _is.as indicated, 
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runs prior to run 16; thus there may have been 
some “aging” effect, as reported by Zenkevich 
et al.'’ A further difference was that test sec- 
tion 59 was fabricated of type 347 stainless 
steel, whereas test section 42 was fabricated of 
Incoloy. 

The reference concludes with a discussion of 
a prediction of the power level and position of 
burnout for a nonuniformly heated rod. It is as- 
sumed that the burnout heat flux is a linear 
function of quality, e.g., 


dao = A — Bx (3) 


where @¢ao is the burnout heat flux, xis the qual- 
ity, and A and B are constants. If f(y) is the 
relative heat flux along the length, y, ofthe tube, 
then the burnout location is given by the follow- 
ing relation: 


k In fly)] _ BaD, (4) 
dy y=), Whyg 


where yi = location of position of burnout 
D, = diameter of heated tube 
hy = vaporization enthalpy 
W = flow rate, lb/unit time 


After the position of burnout is obtained, the 
test-section average power at burnout can be 
determined: 









— 1 
Bo LOD) yey, Br D; p f(y) dy (5) 


W hz J(y)y-y, 





where y, is the value of y at the entrance to 
heated portion of the test section, and Ah, is 
the inlet subcooling in British thermal units per 
pound. The predicted average burnout heat flux 
for the several runs reported in Ref. 13 was 
determined from Eq. 5 and compared with the 
experimental data, and the agreement was within 
+11 to —2.5%. Unfortunately the authors of the 
reference do not give the values of A and B 
used in their calculations. 

The experiments performed at The Babcock & 
Wilcox Co. (B&W) are reported in Ref. 14. These 
were done with uniformly and nonuniformly 
heated tubes having an inside diameter of 0.41 
to 0.45 in. and a heated length of 72 in. The 
pressure was 2000 psia, and the various non- 
uniform axial power-generation profiles used 
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are shown in Fig. I-22. The test sections were 
fabricated from type 304 stainless steel, and a 
number of thermocouples were fastened to the 
exterior of the test section for detection of burn- 
out by means of temperature fluctuations or ex- 


(a) 


Test Section 65 
Central Peak 


(b) 
Test Section 74, 75,77 
Iniet Peok 


(Q/A,)MQ/A mox) 


(c) 


Test Section 76 
Central Peak with Spike 





(d) 


Test Section 78 
Outlet Peok 





O I6 32 48 64 
Length, in. 


Fig. Il-22 Axial power profiles of various test sec- 
tions used to take data appearing in Ref. 14. Crosses 
on figures indicate test results. 





Local Quqolity 


ig. 11-23 Comparison of burnout data from Ref. 14 
ad Table 10 of Ref. 2. Pressure = 2000 psia. Test- 
ection dimensions are as follows: 


Inside Length, in. 
Ref. diameter, in. (heated) 
14 ~0.41 72 
2 0.306 23.25 


ursions. Runs were accomplished at mass flows 
f 0.5, 0.7, 1.0, and 1.3 x 10° lb/(hr)(sq ft) and 
arying inlet subcooling. 

Data taken with the uniformly heated* test 
ection are shown in Fig. II-23 for mass flow 
f 0.5 and 1.3 x 10° Ib/(hr)(sq ft). Also plotted 
n Fig. Il-23 are data from Table 10 of Ref. 2. 

It is evident that the Table 10 data plotted in 
ig. II-23 lie above the Ref. 14 data. This could 
e explained by the fact that the test section 
sed to take the Table 10 data had a length of 
bout 24 in., whereas the test section used to 
ike the Ref. 14 data had a lengthof about 72 in. 
he effect of length is an important one and was 
iscussed in Sec. HI of Power Reactor Tech- 
ology, 1(3). However, on an SEF plot, runs 178 
nd 216 are on a DNB-2 line (Fig. 0-2), and it 
s possible that the B&W data shown in Fig. 
-23 also would plot on DNB-2 lines. The 
INB-2 lines are best obtained by plotting con- 
tant inlet-temperature data. Unfortunately most 
— the B&W experiments were not done at con- 


* The uniformly heated test sections burned out 1 to 
in. upstream of their ends; the use of local quality 
ir the uniformly heated test sections introduces neg- 
gible differences compared to the use of exit quality. 
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stant inlet temperature, and only a few runs can 
be exhibited on an SEF plot. These will be pre- 
sented later. 

The data are presented" in terms of burnout 
heat flux vs. quality plots. Part a of Fig. II-24 
shows local heat flux vs. local quality, and part 


Power Distribution 


Fig. I-22 (b) 

Fig. O -22 (d) 
Fig. TI -22 (0) 

Uniform 

Figq.II-22(c)DNB at Spike 
Fig. -22 (c) ONB ot Outlet 
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Fig. 11-24 Comparison of effects of axial heat-flux 
distribution and burnout heat flux vs. quality .14 
Pressure = 2000 psia and mass flow is as indicated. 
The average heat flux platted on the ordinate of (b) is 
defined as 


1 f*r 
Average heat flux = L ó (x) dx 
T 
0 


348 POWER REACTOR TECHNOLOGY Vol. 7, No. 4 
b of Fig. II-24 shows average heat flux vs. exit _ 1 Lpo 
quality. The authors conclude that: (q / A)... = Leo Jo (q/A) dx e 


2 For a given enthalpy at the point of DNB, the 
nonuniform heat-flux distributions have lower al- 
lowable local heat flux than does the uniformly 
heated tube. However, on very small areas of the 
heat-transfer surface (heat-flux spikes smaller 
than 1 sq in.), it appears possible to approach or 
even exceed the heat flux that would normally re- 
sult in DNB with uniform heated flux. 

3 For a given enthalpy at the outlet of the chan- 
nel: 

(a) The outlet peak flux distribution has the 
lowest channel power at DNB for all mass 
velocities tested. 

(b) At the lower mass velocities, higher chan- 
nel power is permissible with inlet peak 
and central peak flux distributions than with 
uniform distribution. 

(c) At higher mass velocities the channel power 
at DNB for inlet peak, central peak, and 
uniform flux distribution has nearly the 
same value. 


A comparison of the 1000-psia data just cited 
and the 2000-psia data under discussion is im- 
pressive. The test sections used in the APED 
and B&W work have about the same length and 
hydraulic diameter. Comparison of Fig. I-18 
and part a of Fig. II-24, however, shows that 
the 2000-psia operation results in a much 
greater difference between the uniformly and 
nonuniformly heated test-section data than does 
the 1000-psia operation. Also, the values of ópso 
shown in part a of Fig. II-24 are quite low. The 
B&W test loop was conceptually similar to the 
one shown in Fig. II-11. Steam from a boiler 
could be mixed with water to provide the de- 
sired inlet temperature. The experiments de- 
scribed in Ref. 14 were all done with subcooled 
water at the test-section inlet, but the reference 
does not state whether this was achieved by 
mixing steam with relatively cooler water or by 
merely using the boiler to produce hot water 
for feed to the test section. If the boiler were 
used to generate steam, possibly the same in- 
stabilities that led to the low values of dro 
shown in Fig. II-12 were also present in the 
B&W runs. 

SEF plots were made for some of the data in 
Ref. 14 at subcoolings of about 12 to 60°F. 
These plots are shown in Figs. I-25 and II-26; 
only runs that burned out with Lac greater than 
66 in. are plotted in these figures. Because the 
SEF plot is intimately tied into the heat-balance 
equation, the ordinate of Fig. I-25 is (q/A)..., 
defined as follows: 


where q/A = axially dependent heat flux, Btu 
(hr)(sq ft) 
x = distance along heated channel, ft 
Lo = value of x at burnout, ft 


The inlet-peak section exhibited many upstream 
burnouts about 33 in. downstream from the point 
of start of heating. These data are presented in 
Figs. I-27 and II-28. Also included in Fig, I-27 
are the two runs for the central-peak-with-spike 
test section wherein burnout occurred at the 
position of the spike (L = 54 in.), and the curve 
shown in Fig. 0-27 was arbitrarily drawn 
through these two points. 

In considering Figs. I-27 and I-28, the re- 
viewer was impressed not so much by the dif- 
ference in heat flux at which the uniformly and 
nonuniformly heated test sections exhibited 
burnout (for given inlet conditions), but rather 
by the difference in local qualities at burnout. 
Figure I-25 illustrates that at an inlet sub- 
cooling of about 10°F the data group into a 
DNB-2 curve; variation of mass flow moves the 
SEF at burnout over a rather wide range for the 
uniformly heated tube, but the tube with the out- 
let peak exhibits burnout at roughly a constant 
value of SEF, namely, ~0.9 x 10° Btu/(hr)(sq ft. 
When subcooling is increased to about 60°F - 
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Fig. 1-25 Steam-energy flow plot of data from Re’. 
14. Pressure = 2000 psia, inlet subcooling = ~]2°F. 
and mass flow is as indicated. The average heat flu 
plotted on ordinate is defined as 


Lpo 
Average heat flux z | d(x) dx 
Lpo 
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Runs shown were terminated by burnout at Lgo 2 69 n. 
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‘ig. II-26 Steam-energy flow plot of data of Ref. 14. 
*’ressure = 2000 psia, mass flow is as indicated, inlet 
ubcooling = 60°F (approximately), Lpo = 66 to 69 in., 
nd the average heat flux at burnout is defined as in 
‘ig. I-25. 


Fig. I-26), the uniformly heated test section 
ind the test section with the central peak ex- 
ubit burnout at almost identical values of 
pop. and SEF).<a)}. Only when the power distrib- 
ion is peaked toward the outlet does the char- 
icter of the burnout curve change, and then it 
akes a characteristic DNB-1 shape. 

Reference 15, which contains nonuniformly 
1eated test-section data, is a companion to 
ref. 3. A total of four nonuniformly heated test 
sections were utilized with an axial heat- 
reneration rate given by Eq. 7. 


Ó = dmax COS = (7) 
T 


vhere max is the heat flux at the center of the 
est section in British thermal units per hour 
er square foot, x is the length along the test 
section measured from the center in feet, and 
¿r is the extrapolated length in feet. Two of the 
est sections, Mark I and I, had the wall- 
hickness variations accomplished by a series 
íf “steps,” each 4 in. long, machined on the 
yutside. Test sections IH and IIIa were ma- 
*hined to give a smooth variation in wall thick- 
ess rather than a series of steps. One inside 
jiameter was 0.383 in.; other pertinent data 
tre given in Table II-2. 

Burnout was detected by a bridge type detec- 
‘or with one lead each connected to the center 
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and exit of the tube and with the third lead posi- 
tioned to give approximately equal resistances 
in each arm of the bridge. Several runs were 
made with thermocouples to detect temperature 
increases: 


... these showed that within 4 of a second a tem- 
perature excursion could be taking place over sev- 
eral zones of the tube and, within this time scale, 
not starting at one unique point and spreading along 
the tube. The series of tests on the Mk I tube was 
concluded by isolating the detector and allowing the 
tube to overheat sufficiently to rupture the tube: 
this confirmed that the power previously indicated 
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Fig. 1-27 Burnout heat flux vs. quality; Ref. 14 data. 
Pressure = 2000 psia, inlet temperature is as indi- 
cated, and mass flow = 1 x 10° lb/(hr)(sq ft). 


Heat Flux 


Symbol Power Dist. 


L pO ,in. 






5 Plotted 

s O Uniform Averoge 69 to 7! 
Do o inlet Peok Average 30 to 33 
> Ò ô Iniet Peak Loca! 30 to 33 
3 a 573 

53 592 

v 504 ] 5 

I £ 

33 [ ? a 

om 600 

302 

> Inlet Temperature, F 
< 


O 


O 0.10 0.20 0.30 


Local Quality 


Fig. II-28 Burnout heat flux vs. local quality; Ref. 14 
data. Pressure = 2000 psia, inlet temperature is as 
indicated, mass flow = 1.3 x 10° lb/(hr)(sq ft), and the 
average heat flux at burnout is. defined asin Figy I-25. 
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at trip-off would have resulted in a substantial rise 
of temperature. 


Runs were made at 560, 1000, and 1600 psia, 
with mass velocities from 0.75 to 3.0 x 10° 
Ib/(hr)(sq ft) and inlet subcoolings from 0 to 
250 Btu/lb. Data presented in tabular form in- 
clude the burnout power, mean exit quality, and 
axial zone wherein burnout occurred, as well as 
inlet pressure, mass velocity, and inlet sub- 
cooling. 

A number of methods are considered to cor- 
relate the nonuniform flux data with uniform 
flux data. Three sources of uniform flux burnout 
data are considered: data in Ref. 3, calculated 
values of po using Barnett’s equation,!® and 
calculated values using the round-tube best-fit 
equation of Ref. 2. Barnett’s correlation* is as 
follows, using the nomenclature of Ref. 3: 


A+ (25e an 





ee 1+CL 
DGC x 
-4- a) ToD 


where A = aD°G® and C =8D‘G4. Here a, B, a, 
b, c, and d are dependent on pressure as follows: 


560 1000 1600 

psia psia psia 
a 1.507 0.994 0.790 
a — 0.724 — 0.555 — 0.42 
b — 0.419 — 0.161 0.079 
B 0.0144 0.00841 0.0101 
c — 1.471 — 0.430 — 1.606 
d — 0.819 — 0.490 0.0715 
No. of experiments 135 317 97 
Rms, % error 4.76 5.36 2.26 
Max. errors, % +17, —16 +24,-17 +6,-7 


*For a pressure of 1000 psia and a tube inside 
diameter of 0.18 in., Barnett’s correlation can be 
shown to have the following form: 


Mass flow, 
lb/(hr)(sq ft) 
x 1078 Correlation 
1.0 dao = 2.58 x 10° — 0.0044 SEF 
4.0 dpo = 2.06 x 10° — 0.0022 SEF 


These correlations can be compared with the ones 
shown in Table UI-6 and III-7, Power Reactor Tech- 
nology, 7(3). 
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With these sources of uniformly heated test- 
section burnout data, three recipes were tried 
to see how closely each would duplicate the non- 
uniform burnout data:!5 


Methods A, B and C (Overall Length Concept) 


The basis of these three methods is to use th 
overall channel length of the cosine flux tube as th 
length of the uniform flux tube: using uniform flax 
data, a, b and c above, comparison being then made 
of the burnout power or average flux over the whole 
channel length in each case, regardless of the posi- 
tion of burnout. This method has been suggested 
by others to give fair agreement for tubes at 20v: 
p.s.i.(7)[f] and 1000 p.s.i.(8). Comparison of cosine 
flux and uniform flux data (9, 10) for an annular 
section at 1000 p.s.i. confirms this hypothesis. I 
is appreciated that this is somewhat empirical since 
no account is taken of the location of burnout. These 
methods are subsequently referred to as the ‘‘over- 
all length concept’’. 


Methods D, E and F (Local Length Concept) 


These three methods consider the possibility oi 
burnout at a series of stations along the cosine flux 
tube: at each point considered, the distance, /, from 
the inlet is used as the length of tube with uniform 
flux, which from data a, b, or c above, and the same 
inlet condition, gives the predicted burnout flux a! 
that point. By varying the distance l, the burnout 
line AB... is plotted and the particular value ol |, 
at which burnout takes place is where the coasire 
flux profile is tangential to the line AB. In evaluat- 
ing the tests, the point at the end of each zone is 
considered, These methods are subsequently re- 
ferred to as the ‘‘local length concept’’. 


Methods G and H (Equivalent Length Concept) 


These two methods are similar to D, E, and F 1: 
that they enable the burnout line AB to be plottec 
and hence the predicted burnout flux to be deter- 
mined. In place of the actual distance of any point 
from inlet, however, an associated ‘‘equivaleri 
length, Le’, is considered, defined as follows:- 


1 1 
Leri foa 
$ Á 


where ¢, = local value of flux on the cosine profi‘e 
distance / from inlet. 


TNumbers in parentheses refer to references in th: 
original article. 
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he recommended method of predicting the 
1agnitude of go and the location of burnout is 
aoted as follows:!5 


It the requirement is for the prediction of burn- 
out power regardless of the accuracy of predicting 
its location along the channel, then the local length 
concept using Barnett’s equation for uniform flux 
data is recommended, 

If, however, accuracy of predicting the location 
of burnout has to be considered, as might well be 
the case when the channel length differs from avail- 
able test data, then the recommendation is to use 
the equivalent length concept with Barnett’s equa- 
tion for uniform flux data. This, in general, gives 
a predicted burnout power higher than the local 
length concept and an allowance —say a reduction 
of 10% in the predicted power should then be made. 

For an approximate estimate, however, the burn- 
out power can be predicted by considering the power 
on a uniform flux tube of same overall length and 
diameter. The experimental burnout power was 
then found to be predicted well at 560 p.s.i., to be 
10-15% lower than the predicted power at 1000 p.s.i. 
and 0-10% higher at 1600 p.s.i. 


Figure II-29 illustrates Lee-Obertelli uni- 
S2rmly and nonuniformly heated burnout data 
or nearly identical test sections. The average 
est-section heat flux at burnout is plotted 
gainst the steam-energy flow calculated using 
he exit quality at burnout. Although only a rela- 
ively small sample of the Lee-Obertelli data 
s shown in Fig. II-28, it is interesting to note 
hat Ref. 15 contains DNB-2 type burnout data. 
, few runs in Fig. I-29 are plotted from Table 
O of Ref. 2, and it is evident that the Table 10 
lata plot above the Lee-Obertelli data (similar 
o the behavior shown in Fig. II-23). This is 
yrobably a length effect because the 1000-psia 
lata shown in Fig. I-29 were taken in a test 
section having a length of 76 in. and an inside 
liameter of 0.540 in. These data from the 76-in. 
est section are from Ref. 19 and are plotted in 
Fig. I-12, Power Reactor Technology, 1(3). 
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The Ref. 19 data in Fig. II-29 fall somewhat 
under the Mark I test-section data, but this is 
probably the effect of a slightly bigger inside 
diameter, 


Discussion and Conclusions 


The most direct way to treat nonuniformly 
heated test sections is possibly by Methods A, 
B, and C of Lee and Obertelli. This is based on 
treating the nonuniformly heated test section as 
one operating at the average heat flux and neg- 
lects the position of burnout. The results of 
this method are illustrated in Figs. II-20, II-21, 
part b of II-24, and II-29. With the exception of 
the data for the outlet-peak distribution in part 
b of Fig. II-24, this method is not as much in 
error as might be expected. Several of the inlet- 
peak and central-peak runs fell below the uni- 
formly heated test-section results (part b of 
Fig. II-24), although the shape of curve A in 
that figure suggests rather peculiar behavior in 
any event. 


The other somewhat obvious method of treat- 
ing nonuniformly heated test sections is that of 
considering only local conditions —quality, 
mass flow, and heat flux. Figures I-17 to I-19 
substantiate that this is not a bad approxima- 
tion, although at lower mass flows (Fig. I-17) 
the data derived from the nonuniformly heated 
test section diverge significantly from data from 
uniformly heated test sections. Local conditions 
at burnout are not listed in Ref, 15, although the 
Lee-Obertelli Methods D, E, and F appear to 
be based on this concept and are recommended 
by them. Those runs (listed in Ref. 14) exhibiting 
burnout near the end of the test section are il- 
lustrated in Figs. [1-25 and I-26. Although 
there are differences between the uniformly and 
nonuniformly heated test-section data, these 
are most noticeable with the outlet-peak test 
section (Fig. II-26). Figures II-27 and II-28 il- 


Table Il-2 DESIGN DATA ON TEST SECTIONS USED IN REF. 15 





Ratio of Ratio of Extrapolated 
maximum to maximum to Heated length, length, 
Designation Flux profile average flux minimum flux in. in. 
Mark I Stepped 1.25 2.4 72 100 
Mark II Stepped 1.43 8.0 72 78.8 
Mark III Smooth 1.45 9.7 72 76.8 
Mark Illa Smooth * * 60 76.8 


*The Mark Illa tube was the Mark III tube with no power applied to the last foot of thectube, 
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` "Best-Fit’ Curve from Fig. M-12, 
NYPRT, 7,3. Ly= 76 in,D=05 in. Ref. 19 Dato 
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Fig. Il-29 Steam-energy flow plot of data from Refs. 
2, 3, 15, and 19. Pressure = 1000 psia, mass flow is 
as indicated, and the average heat flux is defined as 
in Fig. Il-24. 


lustrate the burnout data for those nonuniformly 
heated test sections exhibiting burnout well up- 
stream of the exit. It is difficult to compare 
these upstream burnout data with uniformly 
heated test-section data because a substantial 
extrapolation of the uniformly heated data given 
in Ref. 14 is necessary. Burnout data from other 
sources for long, cylindrical test sections at 
2000 psia were not readily available to the re- 
viewer, although they may exist. 

When the preceding data are considered, it 
appears that the designer is forced to a rather 
large degree of conservatism in trying to as- 
sess the effect of nonaxial power distributions 
in a reactor. Some of the uncertainty may be 
inevitable, but the situation might be helped by 


experiments designed to study the DNB-2 region 
in detail. 
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III Fuel Elements 


Power Reoctor Technology 


Stainless-Steel-Cladding 
Failures in VBWR 


The fuel elements under irradiation in the 
Vallecitos Boiling-Water Reactor (VBWR) as 
part of the AEC-sponsored Fuel-Cycle Program 
were described in Power Reactor Technology, 
7(1) (see Table IV-1, page 28, of that issue and 
the accompanying description). These fuel ele- 
ments comprised 50 assemblies, each made up 
of 16 metal-jacketed rods containing pressed 
and sintered UO, pellets of 0.376-in. diameter. 
The jackets were all designed to be free- 
standing. Twenty-four of the assemblies em- 
ployed Zircaloy jackets 22 mils thick, and the 
remainder employed 20-mil annealed 304 stain- 
less steel (10 assemblies) or 15-mil cold- 
worked 304 stainless steel (16 assemblies). A 
recent paper! describes the condition of these 
elements at the end of operation of the VBWR 
in December 1963, after the irradiation pro- 
gram had run for three years. The findings are 
summarized in Table III-1. 

The two failures listed in Table II-1 for 
Zircaloy-jacketed rods appeared to be inci- 
dental; one was attributed to fretting wear and 
the other to some unknown cause. The larger 
number of failures of steel-jacketed rods, on 
the other hand, apparently resulted from some 
specific failure process. A performance limit 
apparently existed! for the 304-stainless-steel- 
jacketed rods at an exposure level of about 
2.6 x 1020 fissions/em*. According to Ref. 1, 
cracking of the jackets caused the failures, 
which consistently occurred in the peak flux 
zone. Typically, the cold-worked material 
cracked longitudinally, whereas the annealed 
material cracked mostly in the circumferential 
direction and usually at pellet interfaces. 

In Ref. 2 the failures are characterized as 
intergranular corrosion. The authors state that 
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| 
the characteristic failure is not limited to the | 
elements tested under the Fuel-Cycle Program, | 
but has been observed in essentially all the 
types of stainless-steel-clad elements irra- 
diated in the VBWR. The cause of the cracking 
has not yet been determined, but evaluation of 
the data thus far indicates? that it results from 
a stress-assisted corrosion attack of the grain 
boundaries and that the mechanism becomes 
operative only after a long time in the reactor 
environment. The latter observation suggests 
that either a long crack-nucleation stage 1s 
involved or a material change takes place as à 
result of radiation damage or coolant environ- 
ment which eventually makes the material sern- 
Sitive to cracking. The occurrence of both 
circumferential ridging and cracking at the 
pellet interfaces of annealed cladding points to 
a relation between localized high stresses anš 
strains and susceptibility to cracking. It is also 
stated in Ref. 2 that this is similar to cracking | 
experienced in a _ pressurized-water-reactor 
environment, in which intergranular cracking | 
occurred in unsensitized type 304 stainless | 
steel that had been stressed beyond the yield ` 
point.* | 
Whether or not the cracking phenomenon 15 | 
understood completely, a question of great 
practical importance is the extent to which the 
experience in VBWR is typical. Steel-jacketed | 
elements are performing satisfactorily in the 
Yankee reactor, in which jackets of type 348 
stainless steel are used. Thus we can ask | 
whether the difference in behavior of the steel ` 
jackets results from typical differences betweer 
the boiling-water and the pressurized-water 
environments, whether it results from inci- 


*Reference 2 cites the following report: T. J 
Pashos, Experience with Stainless Steel as a Fue! 
Clad Material in Water-Cooled Power Reactors, Re- 
port APED-4260, September 1963. 
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Table HI-1 FUEL-ELEMENT FAILURES OBSERVED IN VBWR 
UNDER THE FUEL-CYCLE PROGRAM® 
No. of Average exposure, 
N failures fissions/em® x 1020 
o. of 
Type Cladding rods etri Probable = = M ton 
Cladding desig- thickness, irra- Assembly Rods Type of cause of Failed Lead Group 
material nation cm diated sipping* visual failure failure assembly assembly average 

Zircaloy-2 J 0.0588 381 1 1 Small hole Fretting 2.41 2.78 1.8 

wear (8358) (9643) (6250) 

Zircaloy-4 J 0.0588 5 1 1 Small hole Unknown 1.66 Same Same 

(5774) 

Type 304 S.S., I 0.0381 252 1 1 Longitudinal Inter- 2.38 2.65 1.92 
cold worked crack 18 cm granular (8252) (9193) (6780) 
(75,000 psi long corrosion 
yield strength 1 1 Longitudinal 2.03 
at room crack 1 cm (7044) 
temperature) long 

1 t Unknown 2.65 
(9193) 

1 t Unknown 2.32 
(9042) 

Type 304 S.S., H 0.0507 160 1 1 Circumferen- Inter- 2.24 2.48 2.13 
annealed tial cracks granular (7770) (8599) (7400) 
(40,000 psi corrosion 
yield strength 1 1 Circumferen- 2.48 
at room tial cracks (8599) 
temperature) 1 2 Circumferen- 2.44 

tial cracks (8485) 





*Coolant water surrounding the fuel rods in an assembly is trapped and a sample withdrawn. The sample is analyzed for 
fission-product iodine and compared to results obtained from a nondefective assembly sampled ina similar manner. A 
higher concentration of radioactive iodine is interpreted as being indicative of a failure in the fuel-rod cladding. 


tInspection not yet performed. 


dental differences in fuel-element design or 
operating conditions (such as the heat-flux level), 
or whether it is representative of the difference 
between types 304 and 348 stainless steels. The 
VBWR experience focuses interest on the fuel 
performance of the boiling reactors that do 
utilize steel-jacketed elements, notably Hum- 
boldt Bay, Big Rock Point, and Elk River. The 
first two reactors use type 304 stainless steel, 
whereas the Elk River reactor uses type 304 
with an admixture of 600 ppm of boron as 
burnable poison. 


Fission-Product Helium 


As reported in a Westinghouse paper? pre- 
sented at the June meeting of the American 
Nuclear Society, helium is in some cases one 
of the major gaseous constituents within the 
void spaces of irradiated oxide fuel rods. The 
gas has been found in fuel elements that have 
had no opportunity to acquire helium as part of 
the fabrication process. In some irradiated 


elements that have operated with UO, center 
temperatures below that at which equiaxed grain 
growth occurs (1500 to 1700°C), the helium has 
been found to be more abundant than the fission- 
product gases xenon and krypton in the void 
spaces. In these low-temperature cases, the 
fractional release of xenon and krypton from 
the UO, was less than 0.5%. 

The primary source of helium is the ternary 
fission of ?*U, thus giving an alpha particle 
plus two larger fission fragments. The helium 
resulting from such ternary fissions has a 
reported‘ fission yield of about 0.3%, whereas 
the fission yield of xenon plus krypton ranges 
from 25 to 30%. The high fractional content of 
helium in the free gases within the elements is 
explained as the result of a high diffusivity of 
the helium in UQ,. As stated in Ref. 3, the ob- 
served fractional release of helium from UO, 
during irradiation of various experimental fuel 
rods ranges from about 10 to almost 100%, but 
no clear-cut correlation has been found between 
the fractional release and UO, temperature or 
burnup level. To account. for, the,concentration 
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of helium relative to xenon and krypton in fuel 
elements operating at low temperature (less 
than 1500°C center temperature), the rate of 
diffusion of helium in UO, must be about 100 
times greater than that of xenon and krypton. 
The helium phenomenon is thought to be sig- 
nificant as a contribution to the internal pres- 
sure within fuel-element jackets, and possibly, 
in some cases, as a contribution to the thermal 
conductivity of the gases in the pellet-jacket 


gap. 


Steel-Lined Zircaloy-2- 
Clad Fuel Elements 


The extensive fuel-element development pro- 
grams at General Electric’s Atomic Power 
Equipment Department (APED) were reviewed 
in Sec. IV of Power Reactor Technology, 1(1). 
One of the elements fabricated for irradiation 
in the VBWR under the Fuel-Cycle Program 
incorporated fuel rods clad with stainless- 
steel-lined Zircaloy-2. Reference 5 details the 
techniques used for fabrication of these rods. 

Reasons for developmentofthe lined Zircaloy- 
2-clad rods are briefly as follows. Early ex- 
periences at APED indicated that Zircaloy-2- 
clad rods were susceptible to failure by attack 
by fluorides contained as an impurity in the UO, 
fuel pellets and by hydrogen liberated in a 
chemical reaction within leaking fuel elements. 
It was postulated that a stainless-steel-lined 
Zircaloy-2 fuel rod would solve the hydriding 
and fluoride problems by interposing a non- 
reactive barrier (the stainless steel) between 
the fuel and cladding. Subsequent research, 
however (since 1961), indicated that defected 
Zircaloy-clad fuel rods could operate satis- 
factorily for long periods of time provided the 
UO, contained less than 35 ppm of fluoride.’ 
Development work was, nevertheless, continued 
on the fabrication of lined elements and cul- 
minated in the VBWR irradiations. 

The lined fuel rods contained pressed and 
Sintered UO, pellets centerless ground to a 
diameter of about 0.37 in. The tubing was pro- 
duced by a subcontractor using coextrusion; the 
fabrication involved the following steps: 


a. Zircaloy-2 and 304L stainless-steel sleeves 
of the appropriate size were prepared and cleaned. 

b. Mild steel canning components, which com- 
pletely enveloped the stainless steel and Zircaloy, 
were prepared. 


Vol. 7, No. 4 


c. The various components were assembled and 
the mild steel can was welded shut, except for the 
opening in the evacuation tube. 

d. The mild steel can was evacuated and sealed. 

e. The assembled parts were then heated to 871 C 
(1600 F) and extruded, using an extrusion force of 
136 to 182 metric tons and an extrusion ratio oc: 
15.7 to 1. 

f. The carbon steel canning was removed and the 
tubing was etched to remove any surface contami- 
nation. 

g. The tubing was visually inspected, and pre- 
pared for shipping. No other inspection was per- 
formed... 


The tubing was ordered early in 1961, and it is 
stated in Ref. 5 that commercial processes for 
the production of this type of tubing were not 
available at that time. Imperfections of various 
sorts were noted, but only 3 tubes out of the 
20 received were bad enough to be rejected. 
The lining, which was type 304 stainless steel, 
had thicknesses varying from about 2 to 6 mils. 
It was metallurgically bonded to the Zircaloy-2, 
although the reaction zone was not extensive. 
Some blisters, which did not interfere with 
pellet loading, were noted on the inside diameter 
of the tubes where bonding had not taken place; 
the nominal cladding-to-pellet gap was about 
0.004 in. Calculational techniques for sizing 
the cladding thickness and for the plenum de- 
sign are presented.’ 

Irradiation of the lined fuel rods ended with 
the shutdown of the VBWR in December of 1963. 
At that time the rods had received an average 
exposure of about 6700 Mwd/ton, and no fail- 
ures have been reported. 


Boron-Containing 
Fuel Elements 


The use of boron as a burnable poison in 
power-reactor cores usually involves a prob- 
lem of how to incorporate the boron in the core 
composition. In a number of cases discrete 
shim strips containing boron have been installed 
specifically for the purpose, but a more de- 
Sirable approach usually is to add the boron to 
one of the normally present core materials. 
This has been done in the Elk River reactor. 
which is supplied with 600 ppm of boron as ar 
admixture to the type 304 stainless steel used 
for the fuel-element jackets. However, this ap- 
proach has not yet been proved out by ex- 
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perience. Several recent reports describe 
development work at the General Electric Com- 
pany® and at Combustion Engineering, Ine.,1-10 
on the incorporation of boron in fuel-element 
jackets and in the uranium oxide fuel material. 
The experimental fuel elements produced at 
General Electric have been previously cited in 
Power Reactor Technology, 7(1): 34-35 (Table 
IV-8) in the discussion of the Fuel-Cycle Pro- 
gram at General Electric. These fuel elements 
were incorporated in the Special Assembly 12L 
described in that program. 


Special Assembly 12L contained some fuel 
elements with boron in the cladding and some 
with boron in the UO,, as well as some ele- 
ments without boron, for purposes of compari- 
son. The borated cladding consisted of type 304 
stainless-steel tubing, in either the annealed 
or the cold-worked condition and contained 
either 500 or 750 ppm of natural boron. The 
fuel was in the form of sintered pellets of UO, 
or in the form of powder, placed by vibratory 
compaction. The fabrication of the fuel rods 
with the borated stainless steel appeared to 
involve no special problems except the welding 
of the upper end-plug closure seal. Cracks 
appeared at the center of the weld bead due to 
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Rod F-1 
Elevation 34, 2523, 
Length 811⁄2 he 
UO, weight 
and density 
Rod F-2 0 
Elevation 34— 2521, 


Length 811⁄, yo 
UO, weight 
and density 
Rod G-1 
Elevation 33e 25'e 
Length 8 A 
UO, weight 
and density 
Rod G-2 0 
Elevation 34— 2523; 
Length 8/52 x 
UO, weight 
and density 


281.3/86.1% 7.0/95% 


218.0/86.1% 7.0/95% 


219.2/88.8% 7.0/95% 


219.6/86.7% 8.8/95% 


Fig. IH-1 
length are in inches.) 


Poisoned UO, 
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the hot short condition of the high-boron alloy. 
The cracking was eliminated by a redesign of 
the weld configuration to control the stresses 
during the cooling period and by modifying the 
welding procedure to cause dilution of the weld 
metal to reduce the overall boron content. 


The fuel rods fabricated with the burnable 
poison within the UO, fuel material are some- 
what more interesting. Before the start of the 
in-pile test program, laboratory studies showed 
boron to have a migratory behavior at tempera- 
tures greater than 1000°F. Migration is un- 
desirable because it results in changes in the 
self-shielding of the boron, or otherwise modi- 
fies the neutron flux level seen by the boron, 
and hence changes the reactivity worth and the 
rate of boron burnup. The APED experimenters 
therefore utilized boron as zirconium diboride, 
either as a fine, uncoated powder (—325 mesh) 
or as larger sintered particles sized between 
100 and 200y and coated individually with a 
film of molybdenum metal or BeO. 

The designs of two types of fuel rods (des- 
ignated F and G) containing poisoned oxide are 
shown in Fig. III-1. The poison-bearing fuel 
was loaded into the tubes by vibratory com- 
paction, and, as illustrated in the figure, three 


Separator Pellets 


Unpoisoned ñ 





¥, 0 
25%, 27 2% 
227), %, 2 
586.0/85.3% 6.0/95% 52.4/86.3% 
256 21e 2% 
22%/, "se 2 
586.2/84.9% 8.1/95% 52.4/86.3% 
25%, 2 2% 
22/16 A 2 
585.8/85.6% 6.2/95% 52.5/86.5% 
2516 2% 2% 
22'a yA 2 
586.2/85.2% 8.0/95% 52.3/86.2% 


Locations and dimensions of fuel sections in rods® with poison in the UO,. (Elevation and 
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axial zones were provided. An additional two 
rods (designated type E) were fabricated of 
UO, containing BeO-coated ZrB, powder, but 
at the time of writing of Ref. 6 these rods had 
not been completed. The zoned loading indicated 
in Fig. HI-1 was begun by filling and compact- 
ing the lower portion of the cladding tube. A 
l-in. sintered UO, pellet was then placed on 
top of the lower portion to act as a separator, 
and the fuel containing a mixture of UO, and 
coated or uncoated poison particles was com- 
pacted in place. Low g-level vibration was used 
during the initial loading of the poisoned zone 
to lock the sintered pellet in place and prevent 
its relative motion. After compaction of the 
middle zone, another separator was seated and 
the upper regions of the tube interior were 
cleaned of traces of poisoned fuel by means of 
a suction probe and swabs. The top zone was 
then loaded and compacted with unpoisoned 
fuel. A sleeve, not shown in Fig. IHI-1, was 
used to support the cladding in the region of the 
plenum. A perforated disk of stainless steel 
was welded to the lower end of the sleeve and 
served to prevent the powder from falling into 
the plenum or becoming loose during subsequent 
handling operations. The rods were evacuated, 
backfilled with helium at room temperature to 
a pressure of 1 atm, and sealed by welding on 
an end plug. 

The shutdown of the VBWR also interrupted 
irradiation on the assembly incorporating the 
burnable-poison rods. An average exposure of 
2972 Mwd/ton was attained.!! 

The Combustion Engineering work! to date 
has been with boron carbide, although other 
poisons are presumably to be investigated. The 
fabrication of boron carbide—UO, mixtures has 
been studied, as well as the mechanics of boron 
migration. Neutron physics studies are reported 
in Ref. 8 to determine B,C particle sizes that 
would provide desired degrees of self-Shielding. 
These results are contained in Table IH-2. It 
is indicated in the reference that self-shielding 
factors from 0.5 to 0.6 are necessary to achieve 
burnable-poison utilization throughout the core 
lifetime, and hence the larger particles in 
Table III-2 are of interest. However, —325 
mesh particles were used for the initial studies 
reported in Refs. 7—10. 

A number of fuel rods have been prepared by 
electromagnetic and pneumatic vibratory-com- 
paction methods, using admixtures of UO, and 
B,C. Densities from 87 to 89% of theoretical 
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were attained with the — 325 mesh B,C particles, 
although it is stated in Ref. 8 thatthe establish- 
ment of a uniform distribution of large par- 
ticles of B,C at low concentrations may be a 
problem. Local boron-concentration variations 
of less than +20% from nominal were main- — 
tained; this was within the prescribed limits. 


Table 11-2 SELF-SHIELDING OF B,C SPHERES’ 


Average particle 


diameter, Self-shielding 
in. factors 
0.001 0.98 
0.005 0.90 
0.010 0.79 
0.020 0.63 
0.030 0.50 


The addition of boron compounds to UO, during ` 
fabrication of sintered pellets has been studied 
in the past, and Ref. 6 contains a brief bibliog- 
raphy on the subject. Boron losses discussed | 
in Refs. 12 and 13 occurred during fabrication 
of fuel plates for the SM-1 reactor (the Army 
Package Power Reactor)!” and during the sinter- 
ing of UO, pellets containing boron compounds.*’ 
The approach at Combustion Engineering in- 
volves consideration of the various chemical | 
reactions in which boron and its compounds can | 
participate, as well as experimental investiga- ` 
tions of volatilization by heating the boron- | 
bearing UO,. The following reaction is believed 
responsible for boron volatilization: 


UOyxs) + Bus) — UBys) + CO or CO + 4,0, 


Subsequent dissociation of UB, may provide a 
volatile boron species, but both analytical and | 
experimental results indicate that the forma- 
tion of significant amounts of volatile boron 
species is improbable in an operating fuel ele- 
ment. An irradiation program has been formu- 
lated! for the testing of boron-bearing UO. 
in-pile. 


Electron-Beam Welding 


Fabrication of fuel-element components of 
substantial length by means of electron-beam 
welding is reported in Ref. 14. Figure m-2 
illustrates the various types! of weld joints 
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studied, and Table III-3 gives the relative sizes 
used. The material employed was exclusively 
reactor-grade Zircaloy-2. . 

Problems associated with each type of weld 
shown in Fig. III-2 are discussed, and examples 
are given of welds produced with the equipment 
used.'* Because weldments of about 9 ft were 
studied, fitup, fixturing, and work-carriage 
operation were important, for any distortion 
tended to magnify the positioning error of, for 
example, a burn-through weld where the inner 
rib might not be visible. The authors conclude 
that the electron-beam welding process has 





Burn - Through 
Type 1 






Tangential 
Type 2 





Burn- Through 
Type 3 


Tangential 
Type 4 


Tangential 


Type5 


Fig. WI-2 Weld-jointdescriptions and designations. 
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Table HI-3 DIMENSIONS OF TYPICAL 
WELDMENT COMPONENTS" 





Dimensions 





1 Tubular cladding 3.070 in. OD by 0.060 in. wall 


Rib 0.062 in. thick 
2 Tubular cladding 2.330 in. OD by 0.060 in. wall 
Rib 0.062 in. thick 
3 Large tubular 
cladding 2.330 in. OD by 0.060 in. wall 
Small tubular 
cladding 0.565 in. OD by 0.30 in. wall 


4 Both pieces of 
tubular cladding 
5 Tubular cladding. 
Round wire 


0.565 in. OD by 0.030 in. wall 
0.565 in. OD by 0.030 in. wall 
0.072 in. diameter 


proved highly successful. Several 9-ft-long as- 
semblies were fabricated with the use of this 
process, and a number of shorter test weld- 
ments of considerable complexity are illus- 
trated. An earlier discussion of the electron- 
beam welding is contained in Power Reactor 
Technology, 2(2): 33-34 (March 1959). 


Irradiation Effects in UO, 


Information continues to accumulate to aid 
the designer in predicting the performance of 
UO,.-bearing fuel elements. References 15 and 
16, in particular, are review articles that con- 
tain a wealth of material on UO, and, in the 
case of Ref. 15, on a number of other uranium 
compounds. In addition, Reactor Materials, 6(4), 
contains a feature article on the behavior of 
fission gases in ceramic reactor materials. 

Reference 17 is a report on the emission of 
l33Xe from irradiated UO, in the form of 
Spheroids and powders. The materials are 
characterized in Table III-4; they were pre- 
pared as follows: 


Powder specimens were prepared by precipita- 
tion of ammonium diuranate from nitrate solution 


and calcination at 900°C in air, followed by reduc- 
tion in hydrogen at the same temperature. The 
preparation was divided intotwo portions; both were 
annealed in hydrogen for 5 hrs., one at 1250°C and 
the other at 1650°C. The latter preparation sintered 
during annealing and was therefore crushed to pass 
400 mesh. Finally, both preparations were reduced 
in carbon monoxide at 800°C immediately prior to 
irradiation. 


Sintered spheroids, Group A. These were pre- 


pared by spheroidising fragments of gréen\compacts 
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of uranium dioxide in a gyratory mill. Densification 
was achieved by sintering in cracked ammonia at 
1650°C. Finally the required size fractions were 
produced by sieving. 

Sintered spheroids, Group B. These were pre- 
pared by blending uranium dioxide powder with 
binder to produce a granular mix. After sieving out 
the appropriate size range, the granules were den- 
sified by rotation in a gyratory mill and finally 
sintered. 

Fused spheroids were prepared by passing frag- 
ments of sintered compacts through the flame of a 
plasma torch. Any material which had by-passed 
the torch was separated by rolling the product down 
an inclined plane. A portion of each of the two 
preparations studied was annealed in vacuo for 2 
hours at 1650°C and cooled slowly in order to re- 
lieve any stress. 


Table II-4 PHYSICAL PROPERTIES OF UO, 
SPHEROIDS AND POWDERS"' 


Mean BET* Equivalent 
Sample type radius, area, sphere Roughness 
and No. u cm?/g radius, u factor 
Sintered spheroid 
Group A 
Al 150 25 114 1.3 
A2 40 103 29 1.5 
Sintered spheroid 
Group B 
Bl(a) >200 
B1(b) 110 88 33 3.3 
B2 150 23 125 1.2 
B3 120 55 52 2.3 
Fused spheroid 
F1 60 200 14 4.3 
F2 60 115 25 2.4 
Fused spheroid, 
annealed 
F1/A 60 75 38 1.6 
F2/A 60 17 37 1.6 
Powder 
P1 9100 0.31 
P2 1300 2.2 





*Brunauer, Emmett, Teller. 


The results of the experiments are shown in 
Fig. IHI-3. It is stated in Ref. 17: “...any dif- 
ferences between sintered compacts of gram 
size, sintered spheroids of about 50 microgram 
size and fine powders are experimentally un- 
detectable.” The fractional release of xenon, 
to a first approximation, is proportional to the 
product of the diffusion coefficient, the square 
of the sample density, and the square of the 
BET surface area. The powdered materials 


Vol. 7, No. 4 


Meon Line for 
Sintered Compacts 


ge 


Log D, cm®/sec 





1200 IOOO 800 


Temperature ,°C 


1600 1400 





0.6 0.7 0.8 09 
1O5/T %71 


Fig. HI-3 Plot of log D (cm?/ sec) vs. 1/T°K for sin- 
tered spheroids and powders." 








have a larger BET area by several orders of x 


magnitude than do the sintered and fused sam- 
ples (Table HI-4) and therefore release frac- 
tionally more xenon than the fused and sintered 
materials. 


The release of other fission products from ` 
powdered UO,, sintered compacts, and sintered ` 


or fused spheroids of UO, is detailed in Ref. 18. 
Fission products studied were iodine, tellurium, 
and cesium. The results are shown in Table 
HI-5. Samples were also heated in the range 
2000 to 2200°C to determine the effect of grain 
growth on the emission of fission products. 
These results are shown in Table III-6. 


It is interesting to compare the release of | 


'33Xe from the conventional UO, fuels with the 
release from zirconia-urania plates. The latter 


fuel has been selected for the seed portion of | 


the second core of the Shippingport Pressurized- 
Water Reactor, and Ref. 19 presents the results 
of the irradiation experiments. The plates were 
prepared by mechanically blending ZrO, and 
Slightly enriched UO, and heating the blend at 
about 1700°C, in hydrogen, to form a solid 
solution. The comminuted powders were pressed 
into plates, with a binder, and sintered in 
hydrogen at1750°F. Table II-7 lists the proper- 
ties of the ZrO,-UO, plates along with those ot 
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Table III-5 EMISSION OF FISSION-PRODUCT"® IODINE, 
TELLURIUM, AND CESIUM FROM UO, 


(Results Expressed as the Ratio VD//Dx,) 








Density, Surface area, Temp., 
Sample No. g/cm cm?/g °C I Te Cs 
Powder 
P/2 1,300 1,400 0.98 1.05 0.9 
Sintered compact 
S/1 6.40 23,000 930* 0.55 ' C.45 
S/2 6.75 19,200 1,000 0.9 1.1 >0.03 
S/3 7.07 17,200 1,000 0.7 0.4 0.3 
S/5 8.85 7,800 1,000 1.3 0.9 0.9 
1,000 0.7 
1,200 0.7 0.8 0.8 
1,200 0.6 
1,200 0.8 0.8 
S/7 8.15 1,370 1,200 1.3 1.9 0.6 
1,600 1.1 1.1 0.9 
S/8 8.50 730 1,600* 1.1 1.1 0.3 
1,600* 1.5 1.5 0.7 
S/9 10.3 140 1,000 3.9 2.8 2.4 
1,000 6.3 4.9 5.1 
1,200 2.9 3.9 1.4 
1,400 2.3 2.7 1.4 
S/19 ~100 1,600* 1.3 2.3 
S/18 10.3 10 1,600* 4.4 10 6.3 
S/14 10.8 5 1,600* 2.5 11 0.8 
S/15 10.16 4 1,300 7.3 6.7 15.2 
Sintered spheroid 
A1 25 1,200 2.1 2.6 1.0 
1,400 5.3 6.3 4.6 
1,600 2.7 10.5 0.6 
1,600 4.1 14.0 2.5 
1,600 3.5 21.0 0.8 
1,600 1.4 21.0 0.6 
A2 103 1,400 2.5 3.3 2.5 
Fused spheroid 
F2/A 10.6 77 1,200 2.0 5.7 1.0 
1,600 4.1 16.1 1.8 


*Data obtained from a single analysis at the end of a 2-hr run. 


Table Il-6 FISSION-PRODUCT AND URANIUM EMISSION 
FROM UO, DURING GRAIN GROWTH" 


(Sample No. S/13, Surface Area 7 cm?/g, Density 10.7 g/cm’) 





i l d of 
Temperature, Time, Fraction released o 





°C (+50°C) hr Ixe 8317 1327, ITO, 85ç,. “iba Vinu Milage U 
2000 2.1 0.05 0.14 0.18 0.11 0.09 0.05 0.01 0.02 
2000 4.5 0.34 0.59 0.12 0.14 0.17 0.12 0.05 0.04 
2050 1.5 0.23 0.66 0.21 0.19 0.20 0.22 0.08 0.10 
2150 1.5 0.16 0.19 0.39 0.06 0.15 0.15 0.15 0.06 
2200 1.5 0.72 0.68 0.11 0.52 0.54 0.63 0.25 0.26 


2200 5.0 0.99 0.94 0.33 0.83 0.74 0.78 0.47 0.45 
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Table III-7 CHEMICAL AND PHYSICAL PROPERTIES OF SINTERED ZrO,-UO, PLATES" 


Chemical analyses 
Isotopic 


Wt. 
analysis, Ee a 
at.% yu U Zr Al Fe 


Nominal fem 


composition 


ZrO,—26 wt.% UO, 3.75 22.7 54.9 39 180 170 
ZrO,—35 wt.% UO, 3.75 31.0 47.9 120 350 
UO, 071 88.1 10 21 


some plates made only of UO,. The plates were 
sealed in quartz tubes and irradiated at nominal 
room temperature in the Brookhaven Research 
Reactor. The '**Xe was then collected in char- 
coal traps during isothermal high-temperature 
anneals. 

Diffusion coefficients for the various ma- 
terials tested are shown in Fig. IlI-4. The 
Slightly irradiated ZrO,-UO, solid solutions 
exhibited higher !3Xe release rates, diffusion 
coefficients, and activation energies than un- 
alloyed UO,. Microstructure was determined 
both before and after irradiation. In the as- 
fabricated condition, the 26 wt.% material 
showed only a single phase present (face- 
centered tetragonal), whereas the 35 wt.% ma- 


-10 


O- ZrO2 -26 Wt% UO2 
ô - UO2 


-14 Q=92.3 kcal/Mole 


LogD 





6 7 8 9 IO T 
1/TEK)xIOÎ 
1300 


10O 900 700 


Temperature °C 


Fig. HI-4 Variation of D with temperature: com- 
parison’? of cubic UO, and tetragonal ZrO,—26 wt.% 
UO,. 


Density, 
% of Grain size, Roughness Geometrical 
theoretical u factor size, in. 
98.0 10 to 25 0.9 1.5 by 0.25 by 0.05 
96.5 9 to 18 1.2 1.5 by 0.25 by 0.05 
97.0 20 to 100 2.2 1.5 by 0.25 by 0.10 


terial showed two phases (major phase was 





equiaxed face-centered tetragonal, and minor 


phase was transformed tetragonal). The phase 
transformations during irradiation and the post- 
irradiation heat-treatment are discussed in 
Ref. 19. This discussion would be of interest 
to the specialist. 

A number of Hanford reports deal with the 
change in physical properties of UO, under ir- 
radiation.209-22 These reports contain much spe- 
cialized information but are also of general 
interest. The melting point of UO,, for example. 
depends on irradiation.’ Samples of irradiated 
UO, from 0.005 to 11.3 at.% uranium were ob- 
tained from a variety of test capsules with 
different fabrication and irradiation histories. 
Aliquots of tens of milligrams were heated in 
a resistance furnace in direct contact with a 
tungsten heating element. The aliquots were 
observed through an external microscope, and 
the temperatures were measured with an optı- 
cal pyrometer. Crystal growth and vaporization 
were observed photographically. 

A melting point of 2790 + 20°C was observed 
for 95% dense UO, that was pressed and sintered 
in hydrogen for 12 hr at 1750°C. Figure Il-5 
illustrates the behavior of the melting point 
with irradiation. Although there is considerablc 
scatter of the data, a justification for the shape 
of the curve at exposures less than 0.4 at. 
burnup is given.” Measurements were also 
made on nonstoichiometric UO,, and these data 
are contained in Ref. 20. References 21 and 22 
report physical property data for irradiated anc 
nonirradiated polycrystalline and single-crysta: 
UO.. 

Reference 23 is related to Ref. 20 and is 
cited here for completeness, although it is not 
concerned with irradiated UO,. It reports on 
the density changes exhibited by UO, upon 
melting. Single crystal pins of UO, were heated 
in sealed tungsten capsules. With the use of 
°°Co source and photographic film, the densit. 
of the crystals was determined radiographically 
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Fig. HI-5 Melting point vs. in-reactor exposure 
for irradiated UO}. 


Data were taken at temperatures from 1280 to 
3100°C, and the results are shown in Fig. II-6. 
The density of the solid at 2800°C was deter- 
mined to be 9.67 + 0.13 g/cm’, and that of the 
liquid was determined to be 8.7 + 0.16 g/cm’. 
The coefficient of expansion of the molten UO, 
was 3.5 x 107°/°C between 2800 and 3100°C. 
An empirical formula is presented for specific 
volume as a function of temperature between 
O and 2800°C. 
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Fig. HI-6 Volume and density change” of UO,. 
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Power Reoctor Technology 


Boron for Control Rods 


That boron is still the most important control 
material is borne out by the number of power 
reactors in which it is used as a neutron ab- 
sorber and by the amount of work reported on 
its properties. Several recent reports give 
further information on its use as a control 
absorber. 

The Pathfinder nuclear superheat reactor, 
one of the more interesting concepts presently 
in the late development stage, has boron in both 
the boiler and superheat control rods. [The 
Pathfinder design was reviewed in Power Reac- 
tor Technology, 7(3).] The boiler control rods! 
are cruciform with a blade thickness of '/ in. 
They are made of type 304 stainless steel con- 
taining 2 wt.% natural boron. The blade sur- 
faces are bare to the coolant water. The overall 
poisoned length of the blades is 72 in., and 
additional short nose and tail sections are of 
304 stainless steel. The superheater control 
rods, unlike the boiler rods, are not required 
to scram and are expected to be fully with- 
drawn from the core during normal operation. 
These are cylindrical rods, * in. in diameter, 
consisting of a core of 304 stainless steel con- 
taining 2 wt.% natural boron and a mechanically 
bonded cladding of 304L stainless-steel tubing 
0.020 in. thick. The poisoned length is again 
72 in., and the rods have a short nose of 304 
stainless steel and a gas space above the poison 
at the top of the rod. 

The mechanical properties of the two boron— 
stainless-steel alloys are as follows: 


Boiler rod Superheater rods 
Tensile strength, psi 82,300 94,200 
Yield strength, psi 42,700 64,100 


Elongation, % 7.9 11.5 
Rockwell B hardness 96.8 + 3 
Impact strength, ft-lb 6.5 +5 


Impact strengths on the boiler material were 
determined on unnotched specimens. Similar 
specimens of boron-free 304 stainless steel 
gave impact values of 27.7 ft-lb. 

The cruciform boiler blades were assembled 
in special fixtures by manual arc welding with 
the use of coated E-308-16 rods. The blades 
were subsequently stress relieved at high tem- 
perature. Stress relief is of obvious importance 
for such a component, but the selection of a 
Suitable temperature demands a choice between 
moderate temperatures, which require long 
treatment times and introduce the danger of 
sensitization, and higher temperatures, with 
the attendant difficulties of distortion during 
cooling. Specific data on the stress-relief pro- 
cedure for the Pathfinder rods would be of 
interest. 

Analysis showed that distortion of the rods 
due to thermal gradients in the rod channels 
would not be excessive. Calculated impact 
stresses for the boiler rods at a maximum 
velocity of 22 in./sec at scram gave a maxi- 
mum value of 5980 psi. In test a prototype 
boiler rod underwent 990 scram cycles and 
22,388 cycles through a 6-ft stroke. Because 
the prototype differed from the reactor rods 
in that it did not have the 304L stainless-steel 
tip at the contact end, impact conditions were 
particularly severe, but dye-penetrant inspec- 
tion showed no cracks in the unirradiated proto- 
type. The superheat control rod, although not 
intended to undergo scram operation, was also 
tested for 20 scram cycles with no adverse 
effects. 

Since the ex-pile behavior of the rods ap- 
peared to be satisfactory, a literature search 
was conducted to supply data from which the 
operating behavior could be predicted. The 
tabular data, as compiled in Ref. 2, are given 
in Tables IV-1 and IV-2. The hardness of boron 
Stainless steel was also found to increase 
rapidly up to 8 x 10!? neutrons/cm? (nvt) and 
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Table IV-1 MECHANICAL PROPERTIES OF UNIRRADIATED AND 


IRRADIATED BORON STAINLESS STEEL? 


Vol. 7, No. 4 








Test Core Yield Tensile 

Wt.% temperature, at.% burnupt strength, strength, Elongation, 
boron* ° C or nvt dose p8i psi % Ref. 
0 23 0 37,500 90,000 50 2 
0 23 2.7 x 107° nvt 82,000 104,000 40 2 
1.0!° 23 0 93,400 121,000 15.6 3 
1.019 23 0.7 149,500 153,500 3.4 3 
1.019 23 1.1 137,100 1.6 3 
1.8N 23 0 41,300 84,200 8 4 
1.8% 23 0.5 136,000 151,000 0.5 4 
1.8 315 0.5 85,500 119,000 4 
2.019 23 0 88,400 8.1 5 
2.010 23 0.3 93,300 0.5 5 
2.010 23 0.8 78,800 0.4 5 
2.04N 23 0 47,000 89,000 5.4 4 
2.04% 23 0.6 97,800 120,000 4 
2.04N 315 0.6 71,300 106,000 4 





*Superscripts refer to whether the boron was natural (N) or enriched to 93% in the B isotope 


(10). 


tCore at.% is the concentration of one particular element or isotope in terms of all the atoms 


in the boron- stainless-steel alloy. 


Table IV-2 IMPACT STRENGTH OF UNIRRADIATED 
AND IRRADIATED BORON STAINLESS STEEL? 





Test Core at.% Unirra- Irra- 
Wt% temp., burnup or diated diated 
boron °C nvt dose ft-1b ft-lb Ref. 
0 23 3.0107 nvt 15.9 15.7 4 
1.8% 23 0.3 1.0 0.44 4 
1.8 315 0.3 1.0 0.35 4 
2.0'° 23 0.8 4.4 0.16 5 
209 315 0.8 2.3 0.24 5 
2.04N 23 0.6 0.64 0.22 4 
2,04 315 0.6 0.64 0.05 4 


then remain nearly constant at higher doses. 
No correlations between hardness and mechani- 
cal properties were found in the literature, but 
the notch sensitivity of the material was em- 
phasized. Although the tables indicate that losses 
in both elongation and impact resistance are 
large for relatively small burnups, the Path- 
finder discussion places considerable emphasis 
on the fact that, in use, control-rod boron is 
burned preferentially from the surface to the 
center. The figures given in Ref. 2 are for an 
average burnup of 1 at.% inthe boron-containing 
portions of the rod; at this average burnup the 
surface burnup would be 1.3 at.% and the center 
only 0.6 at.%. The designers would thus expect 
the rod to retain more ductility at the center, 


although the tables indicate that even this duc- 
tility would be quite limited. In this regard the 
method of fabrication of the control rod may be 
quite important. The Pathfinder rod design is 
such that no stress raisersor notch formers are 
introduced at the surface. With spot-welded 
designs, if cracks are initiated at these welds 
on the surface, propagation through even a low- 
burnup central region would seem possible. 

Crack initiation at spot-welded areas is likely, 
as shown by some EBWR experience in which 
60% of the spot welds showed !/-in. or larger 
cracks in 2 wt.% boron stainless steel at only 
0.4 at.% burnup. Cracks were also initiated in 
the weld areas of Dresden control rods em- 
ploying stainless steel with 2 wt.% boron. The 
welds in this core were fusion welds of the 
general type used in Pathfinder, but the boron 
stainless steel was cold rolled rather than 
annealed, and the Pathfinder stress relief is 
expected to provide crack resistance. 

The data on swelling as provided by the 
literature survey’ are presented in Fig. IV-}. 
Because the data were taken from various 
sources employing different experimental tech- 
niques, the spread in values is not unexpected. 
The points grouped at 1 core at% burnup show 
a swelling rate of between 1 and 4% between 
450 and 600°F. For temperatures above 600°F, 
swelling behavior was inferred from work on 
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postirradiation annealing. These data are given 
in Fig. IV-2 and are pertinent to superheat 
control-rod behavior. The swelling at 600°C, 
for instance, would be assumed to be equal to 
the sum of the volume increase at lower tem- 
peratures (Fig. IV-1) plus the volume increase 
on annealing (Fig. IV-2). 

From the literature survey it was concluded 
that 1 core at% burnup is the threshold for ob- 


©-Ref 6, 600°F 
O-Ref 6, 450°F 
D- Ref 7, 450°F 
A-Ref 5, 570°F 
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Fig. IV-1 Volume percent increase vs. core atom 
percent burnup for irradiated boron stainless steel.? 
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Fig. IV-2 Volume percent increase vs. postirradia- 
tion annealing temperature for 1 and 2 core atom 
percent burnup.? 
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servable effects under Pathfinder conditions 
and that cracking should not occur below 1.5 
core at.% burnup. Swelling of from 2 to 3 vol.% 
is to be expected per 1 core at.% burnup in the 
boiler rods, with possibly larger rates of swell- 
ing in the higher temperature superheater rods. 
Burnup limits of 1 core at.% were set for the 
boiler control rods and % core at% for the 
superheater. 

For control-rod applications, boron may also 
be used in the form ofboron carbide, B,C, which 
is presumably more stable than the elemental 
form. A report from Atomics International? 
describes work on the compatibility of boron 
carbide with copper, types 430 and 304 stainless 
steels, and AISI 4130 steel at temperatures from 
750 to 1300°F. Diffusion couples of B,C and the 
alloy under study were prepared by hot-pressing 
the powdered: carbide into a cavity in the alloy 
under vacuum. The sealed couples were then 
soaked at the test temperatures for periods up 
to 10,000 hr. Compatibility was determined by 
metallographic examination and hardness tra- 
verses. Copper and type 430 stainless steel 
were compatible with B,C for 10,000 hr at 
1300°F, whereas type 304 stainless steel was 
compatible for the same period at 1100°F but 
not at 1300°F. The 4130 steel was compatible 
for 10,000 hr at 750°F but not at 950°F and 
above. Also, with copper and types 430 and 410 
stainless steels, little or nodifference occurred 
in the behavior of normal B,C (21.7% carbon), 
hypostoichiometric B,C (18% carbon), and hy- 
perstoichiometric B,C (28% carbon) under simi- 
lar but shorter tests. 

The results of irradiation of boron carbide 
and zirconium boride dispersions in Zircaloy-2 
and aluminum oxide have been reported by 
Battelle.! Pellets of Al,O; containing B,C, and 
hot-extruded pellets of Zircaloy-2 containing 
either B,C or ZrB,, were irradiated in the 
450 to 500°F temperature range to '°B burnups 
of 81 to 96%. The alumina pellets showed ex- 
cessive cracking and poor corrosion resistance 
in water at 600°F. The Zircaloy-2 containing 
B,C was superior to the materials containing 
ZrB, with regard to radiation stability and swell- 
ing. Both types of Zircaloy-2 pellets showed 
good gas retention and corrosion behavior. 

Boron carbide might be usable as a burnable 
poison in the form of solid bodies, or lumps, as 
well as in the dispersion form. Reports from 
Westinghouse’): discuss the fabrication of 
wafers of high-density B,C, and BG plus silicon 
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carbide, and their subsequent irradiation. The 
preparation of the compacts by hot pressing is 
described in detail in Ref. 11. The need to 
develop a product that could cover a wide range 
of '°B contents led to a study of enriched boron, 
depleted boron, and natural boron in the formof 
B,C. Also studied were mixtures of B,C and 
SiC. High densities (99%) were sought and ob- 
tained because of the requirement for corrosion 
resistance and gas retention. Both B,C and 
B,C-plus-SiC pellets of high density were shown 
to have excellent corrosion resistance to 680°F 
water ex-pile. Because the pellets were intended 
for use in the Shippingport PWR compartmental 
fuel elements, methods of diffusion bonding and 
gas-pressure bonding were developed to seal 
the Zircaloy-2 compartments around the B,C 
pellets. During bonding the pellets were coated 
with carbon to prevent interaction between the 
pellet and the cladding. [The compartmented 
fuel plates for Shippingport were discussed in 
Power Reactor Technology, 7(2).] 


Clad elements were irradiated in 450 to 510°F 
water to depletions as high as 97% of '°B atoms.” 
Swelling and buckling of the pellets occurred 
within the compartments, and the B,C-plus-SiC 
elements showed greater swelling, due to ex- 
cessive cracking, than the B,C elements. Irra- 
diation reduced the corrosion resistance of the 
B,C elements to the point that all intentionally 
defected elements showed a complete loss of 
poison. Although B,C elements would permit 
higher '°B loadings than are possible with boron 
stainless steel, the plasticity and deformation 
of the carbide under irradiation and its loss of 
corrosion resistance in-pile raise some question 
as to the application of B,C elements. 


Transition Joints of 
Zircaloy to Stainless Steel 


For pressure tubes and similar applications 
within reactor cores, Zircaloy is, of course, 
extremely attractive because of its low cross 
section and other properties. Satisfactory meth- 
ods for joining Zircaloy to stainless steel or 
other alloys would make it possible to secure 
the advantage of neutron economy in the core, 
and at the same time much cheaper and more 
readily fabricated materials could be used in 
regions where their cross sections are of little 
importance. One of the more interesting methods 
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for joining Zircaloy to stainless steel, particu- 
larly for tubular products, is the technique of 
coextrusion, or tandem extrusion. The tandem 
extrusion method for preparing a Zircaloy- 
stainless-steel joint was reviewed in Power Re- 
actor Technology, 6(2): 51-52. The method con- 
sists in the extrusion of a canned composite 
fillet made up of a cone-shaped length of stain- 
less steel followed by a cone of Zircaloy canned 
in mild steel. For the production of tubes, the 
composite fillet is pierced for a mandrel as in 
conventional tube extrusions. Extrusion tem- 
peratures must be selected so that the “stiff- 
nesses” of the two alloys match as closely as 
possible. But the temperatures cannot be so 
high that there is interaction between the alloys 
or that the beta transition for the Zircaloy is 
exceeded. Interfaces between the Zircaloy and 
Stainless steel in such extrusions are quite 
thin, just a few microns thick, and no trouble 
is experienced with the formation of nickel- 
zirconium eutectics. 


A number of tandem tubular extrusions were 
prepared for Savannah River Laboratory by 
Nuclear Metals. These extrusions were found 
to have satisfactory mechanical and other prop- 
erties when tested ex-pile.'’ Some of the results 
were mentioned in the earlier Power Reactor 
Technology review. Data have now become 
available on the properties of such joints tested 
after irradiation.'4 In the work reported, six 
tandem-extruded joints prepared by the methods 
described in Ref. 15 were irradiated at 50°C 
to exposures as high as 7.8 x 1029 neutrons/em’ 
(>0.1 Mev). Integrated fluxes were calculated 
from previous measurements, and the specimen 
temperatures were calculated from gamma 
fluxes and coolant flows. The specimens were 
mounted with longitudinal loading bolts so that 
the differential thermal expansion on heating, 
plus a preloading stress applied to the bolts, 
placed the joints under stresses that ranged 
from 3800 psi for the specimen under lowest 
load to 20,500 psi for the most highly stressed 
specimen. Three of the specimens were tested 
as extruded, but the remaining three had re- 
ceived 15, 18, and 20% cold reductions. The 
unworked specimens were approximately 1.9 in. 
in outside diameter with 0.2-in. walls. In the 
cold-worked specimens these measurements 
decreased slightly. Postirradiation measure- 
ments showed a maximum diameter decrease 
of 13 mils. Interface lengths were from 9 ta 
12 in. Four of the irradiated joints showed no 
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. defects, but some evidence of corrosion attack 
: was found at the internal joint interfaces on the 
two remaining specimens. The penetration along 
. the interface was as much as 10 mils. The two 
' Specimens that had been fabricated by a tech- 
: Mique (not described) designed to prevent this 
: difficulty did not show attack. The bond inter- 
faces exhibited no changes due to irradiation. 

One as-extruded and one cold-worked speci- 
‘men were tensile tested. At the limit of the 
. machine, the 56,000-psi nominal stress placed 
on the as-extruded tube was not sufficient to 
cause it to fail. Instead, deformation apparently 
occurred in the Zircaloy. The cold-worked 
specimen had a slightly thinner wall, so that 
failure was achieved at a nominal stress of 
91,000 psi. The failure occurred in the Zircaloy 
at the grips. The strength up to the point of 
failure was similar to values previously found 
for unirradiated material, so that either no 
strengthening of the Zircaloy due to irradiation 
was indicated or the grip failure was below the 
true strength of the material. The tests show 
promising behavior for the tandem-extruded 
joints at the test temperatures under moderately 
high irradiation levels, but extrapolation of this 
behavior to much higher temperatures would 
probably be unwise. 

The preparation of coextruded tubular joints 
and other coextrusion-joining techniques for 
bonding dissimilar metals is described in a 
recent review paper.’® 
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y Containment, Radiation 


Power Reactor Technology 


Effect of Fission-Product 
Release 


A report on the environmental hazard from 
fission-product releases has been issued by the 
United Kingdom Atomic Energy Authority.! The 
fission products included in the study are the 
same volatile fission products that would be 
expected to be released during a uranium fire, 
but they should not be much different from 
those expected during a fuel melt. The per- 
centages of each isotope released are estimates 
obtained primarily from the Windscale accident.’ 
The isotopes and elements involved and the 
percentage release of each used in the investi- 
gation are shown in Table V-1. 


One part of the investigation was devoted to 
the determination of how the radioactivity would 
be dispersed in the atmosphere, with particular 
regard to conditions in the United Kingdom. 
The investigation indicated that Pasquill's ex- 
tension of Sutton’s theory of turbulent diffusion 
was the better representation of the dispersion, 
particularly at large distances. Briefly, Pas- 
quill’s method reduces the lateral and vertical 
spread of the Sutton theory cloud after a travel 
of 1 mile from the release point. For com- 
parison of the effects of meteorological stability 
on the dispersion of radioactivity, two stability 
conditions were included in all environmental 
hazards evaluations. One was an average United 
Kingdom weather condition, and the other was 
an inversion condition, which in most cases 
represents the worst condition as far as dis- 
persion is concerned. The effects of ground 
deposition on the cloud dosage and the amount 
of deposited activity were also investigated and 
included in the environmental hazard evalua- 
tions. Tests have shown that values for the 
“velocity of deposition” are in the range of 
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0.01 to 5 cm/sec, where the velocity of deposi- 


tion, V,, is defined as 


Wicd total deposited activity per unit area of ground 
g cloud dosage 


Analysis of the Windscale accident led to 
deposition velocities of 0.1 to 0.5 cm/sec. Any 
possibility of underestimating the cloud dosage 
was avoided by choosing a deposition velocity 
of 0.1 cm/sec for both stability conditions. For 
average weather conditions, the cloud dosage 
is indistinguishable from the V, = 0 condition. 
For inversion conditions, deposition reduces 
the cloud dosage no more than a factor of 4or 
5 at 60 miles. In the deposited-activity calcula- 
tions, deposition velocities were selected to 
give the maximum deposition at each particular 
distance from the release point. Deposition 
velocities used were 1 cm/sec for average 
weather conditions and 0 to 1 cm/sec for in- 
version conditions. 

From the calculated cloud and ground con- 
centrations, the following determinations were 
made: | 
1. Dosage as a function of distance from 
gamma and beta radiation released external to 7 
an individual from the cloud 

2. Dosage from activity deposited on the 
ground 

3. Dosage from activity deposited on the 
individual’s skin 

4. Internal dose rate from inhaled iodine, 
including the contribution from !š2Te 

5. Hazards from food exposed to !31[ deposi- 
tion, such as green vegetables | 

6. Hazards of consumption of milk and eggs 
that had been contaminated with !šI 

7. Inhalation and ingestion hazards of '*"cs 

8. Inhalation and ingestion hazards of *sr 
and sr 
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9. A tentative assessment of the inhalation 
id ingestion hazards from !%pu, ‘Ba, and 
‘Ce 

10. Possible hazard from inhaled insolubles 
Sr, Ru, and '“4ce 


On the basis of the Medical Research Council- 
‘commended dosages during emergencies 
there available), the maximum permissible 
mcentrations are reported for airborne radio- 
tive hazards. Also reported are the ground 
mcentration levels to give the maximum 
nergency dose rates either from direct con- 
ct or by eating foodstuffs that have been 
ntaminated. Included are descriptions of the 
tions required to safeguard the public from 
e hazards brought on by the activity release. 


Table V-1 ELEMENTS OR ISOTOPES UNDER 
INVESTIGATION! 


Element or isotope Amount released, % 


Bromine 
Krypton | 60 
Xenon 
DTe 15 
tiy 132 1337, 

ia A 135 25 
sç. sr 0.1 
106Ru 4 
Tes 15 
“Ce 0.15 
MBa 0.2 


In summary, the most important isotope re- 
ted to public health hazards following a re- 
tor accident is ‘I. Therefore all the other 
tivities are reported in terms of the !3l[ 
tivity. Because !3![ has a half-life of eight 
ys, the deposition dose will have decayed 
fficiently in a few weeks to permit reoccupa- 
m of most of the affected area except those 
rtions which are contaminated by !3'Cs and 
ir. The "Cs and Sr portions of the area 
e expected to be much smaller than the 
rtions affected by the '*'I release. 

All calculated data on the external and internal 
.zards and on the areas of food contamination 
‘e presented in terms of the distance affected 
' each isotope. Since the amount released 
‘ends on a number of variable factors, the 
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magnitude of the release of all isotopes is 
specified for several levels of ‘I, ranging 
from 1 to 10° curies. The consequences of the 
various releases are discussed. In view of the 
maximum amount of !š![ that can accumulate 
in a reactor, it is evident that a complete re- 
lease would be disastrous, and assurance of 
some retention of fission products is a matter 
of considerable importance. 


Effect of Temperature on 
Fission-Product Deposition 


A report has been published on the develop- 
ment of an analytical model to calculate the 
steady-state deposition of fission products from 
gas streams onto surfaces.’ Included in the 
analytical procedure are the effects of non- 
isothermal regions on the steady-state deposi- 
tion rate. A computer code is described which 
is used to evaluate the equations (derived in the 
report) representing the deposition. The report 
also gives sample results that are compared 
with experimental data. In general, the agree- 
ment of the experimental and analytical results 
for relative deposition in nonisothermal regions 
was reasonably good for "Zr, ! Ru, ‘Ce, 
MBa, and !%Te. The experimental data for the 
deposition of '*'I were higher than was estimated 
by roughly a factor of 10. Although the reason 
for this disagreement was not fully explained 
in the report, the author states that it may have 
been caused by compound formation resulting 
from collision of iodine with the cold wall, with 
subsequent rapid condensation or deposition. 
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Pumps 


The design and test of a diaphragm pump for 
use with liquid metals are described in Ref. 1. 
This type of pump is often used as a' feed pump, 
where its high-pressure and low-capacity char- 
acteristics make it suitable for feeding solu- 
tions or slurries into the reactor system. 
Figure VI-1 is a schematic illustration of the 
pump as used for pumping liquid metals. The 
particular application of this pump was in the 
laboratory to pump a lead-bismuth eutectic 
within a test loop, although the pump is expected 
to have value for reactor applications. 

The prime mover for the pump was a pulse 
generator utilizing hydraulic fluid to transmit 
the pulses to the first diaphragm. A NaK inter- 
mediate system then transmitted the pulses 
from the first diaphragm to the remote high- 
temperature diaphragm assembly, in which the 
diaphragm served to separate the NaK from the 
process fluid, which was lead-bismuth eutectic 
in the application described in Ref. 1. The re- 
mote head was designed to meet four require- 
ments: 


Operation at 300 to 600°C 

No external or internal leakage of fluids 

Ease of disassembly 

Continuous operation for extended periods of time 


As illustrated in Fig. VI-1, the remote head 
was of bolted construction and was designed to 
Operate at 50 psig discharge pressure and 
816°C. The diaphragm was 0.030 in. thick and 
was of type 446 stainless steel, as were the 
rest of the remote high-temperature compo- 
nents. Polished, raised bearing surfaces ensured 
adequate sealing between the rather massive 
components of the remote head and the dia- 
phragm itself. The remote head was entirely 
immersed in a liquid bath for temperature- 
control purposes. 
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A key component of the pump was the valve 
assembly, which contained ball type check 
valves and seats. The 0.75-in.-diameter balls 
were of type 440 stainless steel, and the valve 
body was type 446 except for some type 316 
tie bars. As illustrated in Fig. VI-1, the valve 
was operated with the direction of flow from top 
to bottom. This was done because the balls 
were of lower density than the pumped fluid 
(lead-bismuth eutectic) and thus would be nor- 
mally positioned on the valve seats when the 
pump was not operating. The pressure-time 
curve was designed to be sinusoidal in nature 
so as to reduce accelerations of the fluid at the 
beginning and end of each stroke and promote 
quiet operation. 

The pump was operated continuously for 5376 
hr without difficulty at a eutectic temperature 
of 575°C, an outlet pressure of 20 psig, anda 
flow rate of 0.6 gal/min. On two occasions, how- 
ever, the temperature was briefly reduced be- 
cause of failure of the cooling-water supply to 
the low-temperature head. Postoperation ex- 
amination revealed slight wear on the valve 
seats, but they still maintained a tight seal. 

An interesting pump described in Ref, 2 ıs 
capable of pumping boiling fluids without damage 
due to cavitation or noise. Although the tests 
described in the reference were nominally at 
standard conditions, the operating principles 
seem equally applicable at elevated pressures 
and temperatures. Figure VI-2 gives cross- 
sectional views of the device. 

The following quotation? serves to define the 
operating principles of the pump (the figure 
numbers have been changed to be consistent 
with this section): 


This pump is a two-stage centrifugal—displace- 
ment unit with one rotating element —a one-piece 
centrifugal rotor-impeller.” The first stage in- 


PU. S. Patents Nos. 2,940,657 and 3.102.083. 
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(o) Fig. VI-2 Cross section and sketch of operation of 
two-phase pump.” (Reprinted here by permission 
from ASME Paper 63-WA-220.) Fü I 
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cludes a liquid-ring-principle compressor while 
the second stage is a centrifugal liquid pump. The 
unit has one inlet and two discharge connections, 
one for the second-stage discharge of liquid and the 
other for the interstage discharge of air or vapor. 
Other connections provide for liquid make-up when 
required, drains, and so on, Fig. [VI-2, part a]. 


The centrifugal-displacement action of a typical 
liquid ring compressor as used in the first stage is 
shown in Fig. [VI-2, part b]. A series of buckets in 
the rotor is full of liquid when leaving the minor 
radius of the casing, as shown at 3. The rotor 
throws this liquid out and into the casing as at 4, 
much as ina standard centrifugal pump, but after 
this, the similarity between the two ends. The cen- 
tral inlet to the rotor is ported instead of being 
open continuously, as in a centrifugal, and the outer 
casing curves inwardly todirect the liquid back into 
the rotor instead of delivering it tothe conventional 
centrifugal pump casing discharge. 


The centrifugal kinetic energy imparted by the 
rotor to each bucket of liquid in traveling from 
position (3) to (4) at first creates an outward piston 
or displacement action in each bucket. This action 
draws gas, vapor and/or liquid into the rotor as it 
passes the open inlet port (5). This liquid and vapor 
are trapped within each bucket and carried around 
from the inlet port position (5) to the discharge port 
(6). During the transit, the accelerated liquid ring, 
after passing station (4) is directed by the casing 
back into the rotor, where it expends its acquired 
liquid kinetic energy in compressing the trapped 
charge in each bucket and in discharging this cen- 
trally through the discharge port (6). Thus,a semi- 
positive displacement action is centrifugally ob- 
tained that will pump fluids of widely differing 
densities. 


The staged relationship of the liquid ring to the 
centrifugal impeller, as well as other details, are 
shown in the cross section Fig. [VI-2, part a]. Fluid 
enters the pump at its inlet (1). This fluid may be 
in its liquid or gaseous state or it may be mixed in 
any proportion. It enters the first stage rotor 
through the stationary inlet ports (5), as just de- 
scribed, and is discharged through the central ports 
(6), directly into the inlet (7) of the second stage 
impeller (8). In this impeller, the fluid is first cen- 
trifuged. The gas and residual noncondensables are 
separated and escape from the center of the second 
stage impeller through rotating ports (9). From 
here the gas and noncondensables are discharged 
through casing connection (10). The separated 
liquid is discharged peripherally by the impeller 
(8) into the volute casing and thence to higher pres- 
sure through discharge connection (11). Provision 
is made for adding cooling liquid at (3) when no 
liquid is included at the inlet (1), as when operating 
aS a gas compressor vacuum pump. 
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The advantages of this pump are compared ti | 
those of other types of pumps, and a brief. 
history of operating experience is included. 


Heat Exchangers 


The fabrication of the primary heat exchanger 
for the Molten-Salt Reactor Experiment (MSRE 
is discussed in Ref. 3. The molten fuel of t: 
MSRE is pumped through the shell side of tb: 
exchanger, while nonfuel-bearing molten sal: 
circulates through the tube side. Details on t 
heat exchanger are given in Table VI-1. 

The major problem in the design of the hez: 
exchanger seems to have been the _ tube-to- 
header joint, which experience had shown to d 
Subject to cracking during cyclic service at 
high temperatures. In the final joint desizz. 


Table VI-1 DESIGN DATA’ FOR THE MSRE PRIMA2Y 
HEAT EXCHANGER 


Structural material 
Heat load, Mw 
Shell-side fluid 
Tube-side fluid 
Layout 


Baffle pitch, in. 
Tube pitch, in. 
Tube 
Outside diameter, in. 
Wall thickness, in. 
Active shell length, ft 
Average tube length, 
ft (approximately) 
No. of U tubes 
Shell diameter, in. 
Overall length, ft (approximately) 
Tube-sheet thickness, in. 
Design temperature, °F 
Design pressure 
Shell, psig 
Tube, psig 
Terminal temperatures 
Fuel salt, °F 


Coolant salt, °F 
Exchange geometry 


Effective log mean temperature 
difference, °F 
Active heat-transfer surface 
area, sq ft 
Fuel-salt holdup, cu ft 
Pressure drop 
Shell side, psig 
Tube side, psig 


INOR-=8 

10 

Fuel salt 

Coolant salt 

257 cut, cross- 
baffled shell 
and U tube 

12 

0.775 


0.5 
0.042 
6 


14 
163 
16 

8 

1% 
1300 


75 
125 


Inlet 1225: 
outlet 1175 
Inlet 1025; 
outlet 1100 
Parallel and counter 
flow 


133 


259 
6.1 


24 
29 


Foll 1964 


shown in Fig. VI-3, both welding and brazing 
are used so asto remove stress concentration 
near the weld area and provide support at the 
base of the weld. In addition, the brazing will 
reinforce defective welds, should any occur 
during fabrication. 

The brazing alloy was 82 wt.% gold —18 wt.% 
nickel, and the welding electrode was thoriated 
tungsten. A number of test specimens were 
made so that optimum welding and brazing 
conditions could be studied, and the results of 
the tests are given in the reference. Fabrication 
of the full-size exchanger proceeded without 
apparent difficulty; Fig. VI-4 shows the ex- 
changer positioned in the furnace pit. A cover 
was added and seal welded in place, and the 
assembly was brazed in a hydrogen atmosphere 







Tube 





Trepan Groove with 
Brazing Alloy Ring 





Braze Side 





Weld Side Trepan 


(a) Before Welding and Brazing 





(b) After Welding and Brazing 


Fig. VI-3 Schematic drawing of welded and back- 
brazed joint design for the MSRE heat exchanger.’ 
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Fig. VI-4 Tube bundle of the MSRE heat exchanger 
positioned in furnace pit prior to brazing.’ 


at about 1850°F. Finalinspection included ultra- 
sonic inspections in the braze areas after the 
tubes had been filled with water, a helium leak 
test, and an 800-psi hydrostatic test. No leaks 
were found. 
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EGCR Control Rods 


Control rods that are sufficiently flexible to 
move in bowed channels have been developed for 
the Experimental Gas-Cooled Reactor (EGCR). 
The design and thermal analysis of the rods are 
described in detail in Ref. 1, a recent ORNL 
report. 


The requirement for a rod capable of moving 
in a bowed passage is brought about by the di- 
mensional changes that are anticipated in the 
graphite-moderator structure of the EGCR. The 
21 control rods, which are placed on 24-in. cen- 
ters throughout the core, move in 4-in.-diameter 
channels. The channels are located principally 
at intersections of graphite columns. Some of 
the physical relations that exist between the 
core, the pressure vessel, and a control rod 
and its drive mechanism are illustrated in 
Fig. VII-1. Although restraint bands are shown 
around the graphite columns that form the mod- 
erator structure, the control-rod channels will 
become bowed because of nonuniform graphite 
shrinkage induced by fast-neutron flux gradients 
across the core. If the graphite blocks do not 
crack, the restraint bands should limit the max- 
imum bow to about 1 in.; the blocks may crack, 
however, and an offset in the rod channel could 
result. In addition to the irradiation-induced 
dimensional changes, thermal and pressuriza- 
tion effects may cause misalignment of the 
channels. 


The required diameter for the EGCR rods is 
3.25 in. Their normal rate of movement is 1.8 
in./min, and the maximum velocity reached dur- 
ing the free-fall portion of a scram is about 
18 ft/sec. As shown in Fig. VHI-1, the rods are 
suspended on stainless-steel cables that are 
connected to drive mechanisms located near the 
top extension of the rod nozzles. A shroud tube, 
hung from the nozzle at the pressure-vessel 


head, guides each control rod into its core 
channel and holds one portion of the rod shock 
absorber. Consequently the shock load involved 
in stopping a free-falling control rod is borne 
by the pressure vessel. 


The rod design, which evolved from consic¢- 
erations of the rather stringent design require- 
ments, is a particularly interesting one. Ar 
articulated design was adopted to achieve aver 
long rod capable of moving in a bowed channel. 
Boron carbide (B,C) was chosen as the nuclear 
poison, principally because of the required 20- 
year lifetime of the rod. Also, to avoid the 
problems that may occur with external cooling 
of rods that can become eccentric in their chan- | 
nels, the rods are provided with internal, forced- 
circulation cooling. In addition to meeting the 
design requirements that the control rods be 
compatible with the high-pressure-helium reac- 
tor environment and that the cladding materiai 
be compatible with the core and shroud struc- 
tural materials, the rod designers were callec 
on to provide a diffusion barrier (see Sec. IV 
of this issue of Power Reactor Technology) be- 
tween the boron carbide poison material anc 
the rod cladding material to prevent the high- 
temperature reaction that occurs between boroz 
and nickel. The final design of the rod, showr 
in Fig. VII-2, is described in the next paragrapt 
by a paraphrased excerpt from Ref. 1. 


The 3.25-in.-diameter rod has a poisoned 
length of about 15 ft and an overall length oí 
about 20 ft. The rod is made up of four seg- 
ments that are supported by an internal rod of 
type 347 stainless steel; the bottom three seg- 
ments, which comprise the poison section of the 
rod, contain annular rings of hot-pressed B,C. 
The B,C is contained in type 304 stainless-stee!- 
cladding tubes, and all surfaces of the stan- 
less steel which contact the B,C are coppe: 
plated to prevent the high-temperature boron- 
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Fig. VII-1 Vertical section through the EGCR core.! 


nickel reaction mentioned in the preceding 
paragraph. Flexibility of the overall assembly 
is achieved by elastic bending of the central 
rod between spacer support plates, whereas the 
segments of the rod can move relative to one 
another by means of connecting ball-and-socket 
joints. One face of each ball-and-socket joint 
is overlaid with Hastelloy C to prevent self- 
welding. The woven stainless-steel filter at- 
tached to the top of each poison segment of the 
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rod vents the inner volume of the segment to 
the reactor, thereby equalizing pressures and 
avoiding the pressure differentials that could 
exist because of helium-gas generation in the 
B,C during irradiation. The rod segments are 
kept in contact at their ball-and-socket joints 
by a top Inconel X compression spring; the 
joints maintain an essentially leaktight flow 
channel for the internal, forced-circulation 
coolant. The Inconel X spring and a top slip 
joint accommodate. the relative movement that 
will occur between the central support rod and 
the tubing caused by differential thermal ex- 
pansion during normal operation. 

The forced-circulation helium coolant for 
each rod assembly enters the control-rod noz- 
zle at the top, flows down over the rod-drive 
mechanism, then down the shroud, and into the 
center of the control rod. The wire-brush seal, 
shown at the top of the assembly in Fig. VII-2, 
prevents bypassing of the cool helium directly 
into the top plenum of the reactor and ensures 
that it flows into the center ofthe rod assembly. 
Tests of a mockup control rod showed that 
these wire brushes and the ball-and-socket 
joints between rod segments are effective seals 
and that the rod coolant is channeled down the 
interior of the rod as intended. 

No major problems were encounteredin man- 
ufacturing the 21 rods required in the EGCR. 
The finished rods weighed between 137 and 
142 lb. 


SRE Rod Drop-Time 
Measurement 


A system has been developed for determining 
the scram, or drop, times of the safety rods in 
the Sodium Reactor Experiment (SRE). Total 
drop time of the top-driven SRE rods consists 
of two components: the time during which the 
rod is in free gravity fall into the core, and the 
time during which a snubbing effect slows and 
stops the rod at the end of the fall. If the free- 
fall component of total drop time is measured 
and then compared with calculated free-fall 
time, mechanical interference with rod inser- 
tion, such as that caused by warpage of the 
thimble in which the rods move, canbe detected. 
Satisfactory operation of the piston-cylinder 
snubber, which must stop the rods without 
damaging them, can be verified by measuring 
the second, or snubber;)component,of)total drop 
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time. The system developed for the SRE is 
capable of measuring each time component; 
furthermore, the time required is short enough 
that the measurements can be performed rou- 
tinely. 

A conceptual drawing of the SRE timing sys- 
tem is shown in Fig. VII-3. In this drawing a 
safety rod is shown held in the fully withdrawn 
position by an electromagnet. When the reactor 
is scrammed, the energizing current to the 
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Fig. VII-3 Mark I safety rod and timing circuit of 
the SRE.” 
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electromagnet is interrupted, and the rod, with 
the snubber piston at its uppermost end, falls 
downward into the core. As the rod nears the 
bottom of its stroke, the snubber piston is guided 
into a snubber cylinder by the tapered section 
of the drive housing shown in Fig. VII-3. When 
the rod reaches its fully inserted position, the 
snubber piston actuates a limit switch which in- 
dicates that the rod has reached the full-in 
position. As shown in the figure, the SRE timing 
system utilizes two timers to measure the indi- 
vidual components of the total scram time. 
When a scram is initiated and the current to a 
safety-rod holding magnet is interrupted, the 
first time-interval meter is triggered. At the 
entrance to the snubber cylinder, an electro- 
magnetic pickup is actuated by the snubber 
piston and generates a signal that stops the 
first electronic timer and starts the second. 
The second timer is stopped when the snubber 
piston actuates the down-limit switch at the 
bottom of the snubber cylinder. Thus the free- 
fall component of total drop time and the snubber 
component of total drop time are measured. 


The timing-system panel is mounted in the 
reactor control room, and complete drop-time 
measurements for the four safety rods of the 
SRE can be made at this panel by one person in 
less than 10 min. The snubber time and free- 
fall time are displayed directly in units of time 
on four-decade lighted dials on the two timers. 
The timing system appears to be one that would 
be adaptable to various reactors. 


Pressure-Tube Reactor 
Components 


Dome-Seal Tube Closure 


During the period 1957 to 1958, when studies 
of high-performance nozzle closures for the 
pressure tubes of the Plutonium Recycle Test 
Reactor (PRTR) were undertaken, a dome type 
nozzle seal was conceived. The seal was sub- 
sequently developed and used in the PRTR gas 
loop at service conditions of 1500°F and 500 psi. 
Reference 3 is a description of recent work di- 
rected toward determining the suitability of the 
dome seal as an alternate pressure-tube noz- 
zle closure for the heavy-water-cooled CANDU 
reactor. As a result of the developmental work 
on the dome type closure, it was~concluded that 


HOLDING STUD 
AND BOLT 







TOP GUIDE RING 


RETAINING LUG 


SEAL RING 


J 


WANWAWWWNAWAWWWAWAWAWAWAN 


— 


asii 
N —— 


RETAINING RING 


Vol. 7, No. 4 


DOME SEAL 
AND STEM 





| 
wi 









R N 
T 






NUT 


j 





r 





a yn 


-í 


nA 
I 


CLAMPING SLEEVE 


fe 


» I 
k= — | 
— 

>= orai 
SUPPORT 


PLATE 





Fig. VII-4 Cutaway view of the dome seal for pressure-tube reactors.’ 


the closure is a promising type for high- 
pressure high-temperature water applications. 

A cutaway view of the dome seal is given in 
Fig. VII-4. The entire assembly shown in the 
figure is inserted into the end of the open 
pressure tube to be sealed. In the simplest 
terms the operation of the seal canbe described 
as follows: the large nut that is threaded to the 
dome-Sseal stem is tightened, thereby deflecting 
the dome and causing it to exert pressureon the 
seal ring. The sealing action of the assembly 
is illustrated in Fig. VII-5, which shows the 
principal components involved in the sealing 
process. The load exerted by the dome on the 
seal ring causes the ring to yield locally and 
effect the seal. A Belleville-spring washer in- 
stalled between the dome-stem nut and the 
clamping sleeve, as shown in Fig. VII-4, allows 
the dome to expand when heated while permit- 
ting forces high enough for effective sealing in 
the cold condition. A schematic representation 
of the deflection of the dome, both with and 
without the Belleville spring, is shown for the 
cold and hot conditions in Fig. VII-6. 

The dome seal did not leak during a test 
program that included steady-state operation, 
frequent assembly-disassembly operations, 
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Fig. VU-6 Theory of dome deflection with and without Belleville-spring washer.’ 


and severe thermal cycling. The disassembly 
torques were in the same general range as 
assembly torques and could be varied some- 
what by lubricants. The forces required to re- 
move the seal from the nozzle were lower than 
expected, and they are expected to cause no 
operational problems. 


Helium Seals 


In the PRTR, a low-pressure helium atmo- 
sphere surrounds the lower, or inlet, sections 
of the vertically oriented Zircaloy-2 pressure 
tubes. The tubes penetrate the bottom of the 
primary shield, and a bellows type pressure- 
tube seal is effected at this level. Reference 4 
describes a series of developmental tests that 
had as their objective the selection of a seal 
suitable for the low-pressure high-temperature 
application in the PRTR. 

The developmental tests were concerned with 
seals which could withstand 4 in. Hg pressure 
at 480°F and which would fit into an existing 
assembly with a minimum of modification. 
Five seals were investigated: (1) a copper O- 
ring; (2) a Zircaloy-2 D-ring; (3) a B-F ferrule 
seal; (4) a stainless-steel, pressurized O-ring; 
(5) a Zircaloy-2 O-ring. The results of the seven 
tests performed (three utilized the Zircaloy-2 
O-rings) are given in Table VII-1. Although the 


B-F ferrule seal shown in Fig. VII-7 was the 
most effective of those tested, the Zircaloy-2 
O-ring shown in Fig. VII-8 was chosen for use 
in the PRTR because of its lower cost and 
easier installation in the existing reactor com- 
ponents. The following are observations on the 
different seal tests taken from Ref. 4. 


1, Copper O-ring. Low leak rates were obtained 
at the beginning and ending of each cycle; maximum 
leak rates were at operating temperatures. Low 
leakage was measured during the first cycle but 
rapidly increased during subsequent cycles. 

2. Zircaloy D-ring. Maximum leak rates were 
270 and 266 liters/hr during the first two cycles. 
Because of these excessive rates, testing was ter- 
minated. 

3. B-F Ferrule. After the first three tests, the 
test assembly was disassembled. Later it was re- 
assembled and Tests 4, 5, and 6 were run. This 
seal had the lowest leakage of any tested. However, 
the shape is complex and the fabrication cost is 
relatively high. Maximum leak rates were obtained 
during the cooling portion of the cycle. 

4. Stainless Steel O-ring. A good seal was ob- 
tained with the silver-coated pressurized ring dur- 
ing the first two cycles, but leakage increased as 
the number of cycles increased. Maximum leak 
rates were measured at steady-state conditions. 

5. Zircaloy-2 O-ring. This sealhad a diametri- 
cal clearance of 0.002 in, and was used with a stan- 
dard PRTR flange. Leakage was low on all tests 
witha tendency for leak rates to decrease asycycles 


Table VII-1 
Cycle 1 

Copper O-ring (standard PRTR 

flange; makeup torque, 30 in.-1b; 

6/20/62, 6/21/62, 6/22/62; pressure, 0.020* 

2.0 to 3.0 in. Hg) 0.180T 
Zircaloy-2 D-ring (special flange; 

makeup torque, 30 in.-lb; 6/5/62, 55.0* 

6/13/62) 141.0f 
B-F ferrule seal (makeup torque, 

15 in.-lb; 6/15/62, 6/16/62, 2.48* 

7/3/62; pressure, 2.0 to 3.0 in. Hg) 2.68T 
S.S. pressurized O-ring (standard 

flange; makeup torque, 15 in.-lb; 

6/15/62, 7/2/63; pressure, 2.0 to 0.248* 

3.0 in. Hg) 0.350t 
Zircaloy-2 O-ring (standard flange; 

ID, 2.0574 in.; 10/4/62 to 10/5/62; 

makeup torque, 27 in.-lb; dis- 

assembly torque, 15 to 20 in.-lb; 1.42* 

pressure, 3.8 to 4.4 in. Hg) 1.611 
Zircaloy-2 O-ring (relieved flange; 

same O-ring as Test 5; 10/10/62; 

makeup torque, 30 in.-1b; dis- 

assembly torque, 15 to 20 in.-lb; 1.830* 

pressure, 3.8 to 4.2 in. Hg) 1,40f 
Zircaloy-2 O-ring (standard flange; 

ID, 2.059; makeup torque, 30 in.-lb; 

disassembly torque, 20 to 25 in.-Ib; 0.704* 

pressure, 3.8 to 4.2 in. Hg) 1.18f 





*Steady-state and rising-temperature conditions. 
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Fig. VII-7 Cross section of ferrule seal.‘ 








Cycle 2 


2.900* 
0.880f 


144.0* 
161.0f 


1,02* 
1.2397 


0.168* 
0.330f 


1.32* 
1.451 


0.925* 
1.211 


0.680* 
0.995T 





Fig. VII-8 Cross section of the PRTR Zircaloy-2 c- 


Cycle 3 


12.30* 
2.431 


1.001* 


1.291 


13.7* 
6.701 


1.12* 
1.331 


0.735* 
1.111 


0.600* 
0.940f 


ring seal,‘ 


Cycle 4 


44.50* 
17,00f 


0.075* 


0.381f 


31.21* 
7.11 


1.13* 
1.451 


0.616* 
0.980T 


0.785* 
1.07ł 


Cycle 5 


61.80* 
14.05f 


0.0901* 
0.385f 
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Cycle 6 


0.127* 
0.48f 


0.728* 
1.00f 


0.612° 
0.935t 
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increased. Small leak rates were noted during heat- 
ing and steady-state conditions and maximum rates 
occurred during cooling. 

6. Zircaloy-2 O-ring. This test was to deter- 
mine the effect of a modified flange. The modifica- 
tion was a circumferential groove on the ID, de- 
signed to allow cantilever flexing of the flange lip. 
The O-ring was unchanged from Test Number 5. No 
significant improvement in leak rate was observed. 

7. Zircaloy-2 O-ring. This test was to deter- 
mine whether maximum allowable reactor tolerance 
conditions would adversely affect the low leak rates 
obtained in Test Number 5. An O-ring with a dia- 
metrical clearance of 0.015 in. was tested success- 
fully with no significant change in results; that is, 
(a) low leak rates, (b) lower leak rates as cycles 
increased, and (c) maximum leakage during cooling. 


Surge Suppressors in Flow-Monitor 
Sensing Lines 


One advantage of pressure-tube reactors is 
the relative ease with which coolant flows and 
temperatures in individual process channels 
can be measured. In the PRTR, each of the 
85 process channels is provided with flow- 
monitoring equipment capable of furnishing a 
visual readout of the flow rate in the channel, 
providing an electrical signal for recording, 
and supplying a signal to the safety circuit that 
initiates a reactor scram on receipt of a high- 
flow or low-flow signal. The flow-monitoring 
equipment for each process channel includes a 
Venturi flowmeter in the inlet piping, sensing 
lines containing valves, and a flow transmitter. 
Reference 5 gives details of an experimental 
program that was undertaken to devise means 
of reducing oscillations encountered in the 
PRTR flow monitors. The following quotation® 
describes the problem: 


During startup of the PRTR, it was found that the 
readings of flow meters on those pressure tubes 
which connect near the inlet of the bottom ring 
header were fluctuating excessively. The fluctua- 
tions were as much as +8% which is nearly as large 
as the +10% span between the high and low flow 
trips. When superimposed on the normal reactor 
flow changes, the fluctuations would cause spurious 
flow trips. During preliminary testing, the meter 
fluctuations were reduced by throttling the valves 
in the sensing lines from the flow venturi to the 
flow meter. This was recognized as being unsatis- 
factory for a permanent solution since this practice 
introduces an unknown variable lengthening of the 
response characteristics of the meter. It also in- 
troduces an error of unknown magnitude due to the 
nonuniform flow passage in the valve seat when 
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throttled. An experimental program was therefore 
undertaken to determine the degree of valve throt- 
tling which might be appropriate for fluctuation sup- 
pression and to devise other and better methods of 
suppression. 


The experimental program led to the conclu- 
sion that throttling of valves in the flow- 
transmitter sensing lines is not a satisfactory 
way of decreasing the fluctuations, principally 
because the flow indications are extremely sen- 
sitive to valve position and because there is a 
very narrow range of usable positions. A sat- 
isfactory method of damping the oscillations is 
to increase the hydraulic flow resistance in the 
pressure-sensing lines by installing (for the 
PRTR case) 3- to 4-ft lengths of ',,-in. tubing. 

The addition of the short lengths of small- 
diameter tubing to the pressure-sensing lines 
in the PRTR flow-monitoring system has caused 
the flow transmitter to have time-response 
characteristics similar to those illustrated by 
curve B of Fig. VII-9. This curve, which is 
nearly critically damped, can be seen to reflect 
a happy medium between the time-response 
characteristics illustrated by curve A, in which 
the underdamped or oscillatory system has a 
fast response but also a very large overshoot, 
and the time-response characteristics shown 
by curve C, which is representative of an over- 
damped system in which the response is so slow 
that the system is unsatisfactory. 


A - Underdamped or Oscillatory 
B-Nearly Critically Damped 
C - Over damped 
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Fig. VII-9 Typical PRTR flow-transmitter response 


curves. R = transmitter reading, R, = initial trans- 
mitter reading, and Rp = final transmitter reading. 
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Systems Design 


Pathfinder Recirculation-Piping Design 


A forced-recirculation mode of operation is 
employed for the reactor of the Pathfinder 
Atomic Power Plant. The recirculation system, 
which is described in some detail in Sec. VII 
of Power Reactor Technology, 1(3), consists 
basically of three parallel coolant loops, each 
with a single mixed-flow centrifugal pump. 
Calculations and analyses to determine flexi- 
bility, vibration, and stresses in the loops are 
reported in Ref. 6. The majority of the infor- 
mation presented in the reference treats rather 
routine calculational methods and the results 
obtained by applying these methods. However, 
one interesting section is devoted to a descrip- 
tion of the analysis performed to determine 
discontinuity stresses at dissimilar metal joints. 
These temperature-induced stresses occur in 
the primary loop piping at the junction between 
solid stainless-steel piping and stainless-steel- 
clad carbon piping. The joint was described in 
the above-mentioned Power Reactor Technology 
article. 


LCRE Auxiliary Systems 


The Lithium-Cooled Reactor Experiment 
(LCRE), which was to be located at the National 
Reactor Testing Station, was conceived as 
a test for a lithium-cooled high-temperature 
10-Mw reactor. Reference 7 describes the 
functional design of the LCRE auxiliary sys- 
tems and the development work and tests that 
were completed, in process, or planned at the 
time the program was canceled. The report, 
which is well organized and satisfyingly com- 
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plete, gives the procurement and fabricati:: 
status of the auxiliary systems and include: 
manpower and cost expenditures and estimate:. 
An indication of the degree of completenes: 
which the author of Ref. 7 has attained in tt- 
report is given by the inclusion of a section :: 
which all drawings associated with the LCR: 
auxiliary systems are listed, are grouped t: 
systems, and are coded to indicate status, 
source, and use. The auxiliary systems includ 
all reactor systems except the main Liquic- 
metal coolant loops and the reactor control an 
safety systems. 
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Power Reactor Technology 


Moderator-Level Control 


By Walter Mitchell III 


Regulation of moderator height can be an at- 
tractive means of reactor control. Among the 
advantages enjoyed by the level-control system 
are its lack of strong control rods and, except 
for possible shim elements, any in-core hard- 
ware. Consequently local flux perturbations are 
Small, and the reliability of the system is en- 
hanced by not having crucial components in the 
reactor-core environment. 


A reactor must have a fluid moderator to be 
able tu use level control. Although several re- 
actor types fulfill this requirement, there are 
many other considerations that limit the prac- 
tical use of level control. A reactor that has a 
hydrogenous moderator, for example, is nota 
likely prospect for such a control scheme be- 
cause the short neutron-migration length in its 
moderator material makes the reactivity of the 
system extremely sensitive to level variations. 
Furthermore, in a reactor without some sort of 
segregation between primary coolant and mod- 
erator, it is hard to assure that coolant flow is 
provided to the fuel elements regardless of 
moderator level. 

The basic considerations mentioned above 
indicate rather strongly that the heavy-water- 
moderated pressure-tube reactor is the single 
type currently being developed which can use 
moderator-level control. Even within this fairly 
specific reactor category, however, the ease 
with which level control can be employed and 
its degree of usefulness vary. If the heavy- 
water-moderated pressure-tube reactor is to 
retain its identity as a machine in which the 
high-pressure components are Small (i.e., pres- 
sure tubes instead of a large pressure vessel), 
then the temperature of the moderator must be 


Operating Experience 


low. If high temperatures were permitted, the 
moderator pressure would have to be high to 
prevent bulk boiling, and the moderator tank 
would have to embody the undesirable features 
of a reactor pressure vessel. Also, the usual 
negative reactivity effect associated with an in- 
crease in temperature indicates the desirability 
of a relatively cool heavy-water moderator. If 
it is accepted that the moderator will operate at 
a temperature some several hundred degrees 
Fahrenheit below that of the primary coolant 
(which must be quite hot if the plant is to pro- 
duce decent steam), then there must be a 
thermal-insulation barrier between the two. By 
his placement of this insulation, the designer 
selects one of the two basic variations of the 
heavy-water-moderated pressure-tube reactor. 
This selection affects to some extent the ease 
with which moderator-level control can be in- 
corporated in the design. One variation has in- 
ternally insulated pressure tubes that are im- 
mersed in the relatively cool moderator, thereby 
earning the title “cool tube.” The other basic 
variation permits contact between the hot pri- 
mary coolant and the pressure tubes but limits 
heat conduction to the moderator by providing 
an insulating gap between the pressure tube and 
the cool moderator, which is contained in a 
calandria type tank. It is to this second varia- 
tion that level-control schemes are more easily 
applied because consideration need not be given 
to the external cooling of pressure tubes during 
normal operation. Thus, for simplicity andgen- 
eral applicability, the heavy-water-moderated 
reactor uSing a calandria type tank with gas-gap 
insulation around the pressure tubes is a logi- 
cal choice for reactivity control by means of 
moderator-level regulation. 

Two operating heavy-water reactors of the 
type described above, the U. S.’s Plutonium 
Recycle Test Reactor’ (PRTR) and Canada’s 
Nuclear Power Demonstration’? (NPD) reactor, 
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utilize moderator-level regulation as the pri- 
mary means of reactivity control. In the follow- 
ing paragraphs the designs ofthese reactors are 
described, and operating experience with their 
level-control systems is discussed. Both plants 
are relatively small because they have thermal 
powers of less than 100 Mw. Units of this size 
can employ level-control schemes that are 
somewhat simpler, and at the same time more 
useful, than those applicable to large reactors. 
Large-reactor installations are discussed later 
in this article, with the CANDU control system 
used as an example. 


Plutonium Recycle Test Reactor 


The PRTR is a vertical pressure-tube type 
reactor that is moderated with heavy water and 
cooled by pressurized heavy water. The reactor 
has a thermal power of 70 Mv, and, although 
the plant does not produce electric power, the 
primary-circuit temperature and pressure con- 
ditions are typical of those which might exist in 
power reactors of this type. The primary cool- 
ant enters the core at 478°F, leaves at 530°F, 
and is maintained at a nominal pressure of 1050 
psig. The arrangement of the major components 
of the reactor is shown in Fig. VUI-1, which 
illustrates the placement of the 85 Zircaloy-2 
process tubes relative tothe aluminum calandria 
type tank that contains the heavy-water moder- 
ator. In addition to the pressure tubes and 13 
flux-~monitor channels, the core region con- 
tains channels for 18 shim assemblies whose 
active elements will be described later. Full- 
core-length fuel assemblies are placed in the 
Zircaloy-2 process tubes and consist of bundles 
of rod type elements or of a concentric assem- 
bly containing a central fuel rod surrounded by 
two concentric fuel tubes. Several types of 
nuclear fuel material, including aluminum- 
plutonium alloys, UO,, and a mixture of PuO,- 
UO,, have been used, and Zircaloy-2 has served 
as Cladding material. 

As shown in Fig. VII-1, the calandria of the 
PRTR consists of several sections or compart- 
ments. The calandria is about 115 in. high and 
has a central, cylindrical section which contains 
the moderator and which is pierced by 85 verti- 
cal tubes forming dry channels for the primary- 
system pressure tubes. The space between the 
calandria tubes and the pressure tubes provides 
the gas-gap thermal insulation mentioned ear- 
lier. An annular compartment about 2 ft thick 
surrounds the 7-ft-diameter moderator portion 
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of the calandria and contains a heavy-water re- 
flector. The reflector and moderator systems 
are separate, and the reflector is held ata con- 
stant level in the reactor. 


The annular reflector extends downward to a 
point about 2 ft above the bottom of the calan- 
dria. The bottom 2 ft of the annulus around the 
moderator cylinder forms a dump chamber that 
houses a circular weir over which the moder- 
ator flows in leaving the reactor core.* During 
an emergency shutdown of the reactor, caused 
by removing the heavy-water moderator from 
the calandria, the dump chamber serves as a 
temporary holdup volume that permits a rapid 
initial decrease in moderator level and, conse- 
quently, a rapid decrease in the reactivity of 
the system. Four large vertical lines connect 
the dump chamber to a moderator storage tank 
that is located beneath the reactor. Four addi- 
tional lines of the same diameter connect the 
storage tank with the helium-gas space above 
the moderator in the calandria. One of the four 
lines that connect the dump chamber to the 
moderator storage tank is set flush with the 
base of the chamber and accommodates the 
normal flow of heavy water which spills over 
the circular weir. The other three lines are 
called the bottom gas lines and extend upward 
in the dump chamber to various heights. During 
normal operation these three lines equalize 
helium-gas pressure between the dump chamber 
and the storage tank. When the moderator is 
dumped from the calandria, the bottom lines 
facilitate escape of the helium from the dump 
chamber, thereby permitting the chamber to fill 
rapidly with heavy water; the lines then provide 
flow paths through which the moderator drains 
to the storage tank. The four lines that connect 
the moderator storage tank to the gas space 
above the moderator in the calandria are called 
the top gas lines, and each contains a fast- 
acting dump valve that is held closed during 
normal operation. The top gas lines, the bottom 
gas lines, and the fast-acting valves form the 
basis for the rapid moderator dump that scrams 
the reactor. During normal operation the mod- 
erator is held in the calandria by a differential 
gas pressure between the dump chamber and 
the blanket-gas space in the topofthe calandria. 
When the fast-acting dump valves are opened, 
the gas pressure above the moderator in the 
calandria is equalized with that in the storage 
tank and dump chamber, and therefore the mod- 
erator falls from the calandria. 
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Fig. VIII-1 Cutaway view of the PRTR.! 


The heavy-water moderator is maintained at 
a temperature range of 115 to 135°F by con- 
tinuous circulation through a heat-removal sys- 
tem. Cool moderator enters the calandria at its 
base, picks up heat, and leaves the calandria 
over the weir at its base or through discharge 
ports in its upper regions. The warm moderator 
drains to the storage tank, from which it is 


pumped at a rate of 1100 gal/min through a heat 
exchanger and then returned to the bottom ofthe 
calandria, A specified minimum flow is always 
maintained over the weir to ensure a constant 
reference for static moderator level. 

The differential pressure, which exerts the 
force necessary to hold the moderator in the 
calandria tank and which, as/a`functionī of its 
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magnitude, determines the level of the heavy 
water in the tank, is provided by a gas-balance 
control system. This system performs the same 
job that regulating-rod drives and safety-rod 
scram mechanisms do in reactors not having 
the moderator-level method of control. A sche- 
matic drawing that illustrates the arrangement 
of the principal components of the PRTR sys- 
tem is given as Fig. VIII-2. The gas-balance 
system can be operated automatically, and, in 
its automatic mode of operation, it has demon- 
strated exceptional stability at constant power 
level. The differential gas pressure that must 
exist between the gas space at the top of the 
calandria and the helium volume in the moder- 
ator storage tank and dump weir is provided by 
the gas-balance compressor shown in Fig. 
VIII-2. As shown in the drawing, the compressor 
receives helium gas from either the space 
above the moderator in the calandria or the 
helium-gas holder and delivers it to the storage 
tank. Excess helium gas is bypassed through the 
regulating control valves. Consequently, with 
the fast-acting dump valves closed, as they are 
in normal operation, the compressor creates 
the required differential pressure between the 
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moderator surface at the weir and that within 
the reactor. Actual regulation oí the moderator 
level within the reactor calandria is accom- 
plished by regulation of the differential pres- 
sure. The series of valves shown in Fig. VHI-2 
is used for this purpose, and their functions 
are described as follows:° 


1) Anautomatic control valve, used in conjunction 
with the automatic controller. This valve can con- 
trol the moderator at any level from approximatel; 
(76 cm) 30 in. above the calandria base to the maxi- 
mum attainable level in the calandria. 

2) Two manual control valves —a ‘‘coarse’”’ an: 
a “fine” valve —used in control of the reactor bv 
manual adjustment of moderator level. The coarse 
valve has a capacity approximately equal to that of 
the automatic valve. The fine valve, of considerabil, 
smaller capacity, is provided to permit smoother 
level adjustment under manual control. The manual 
control valves are considerably slower in action 
than the other valves in the system. 

3) A ‘shutdown’? valve—a quick-opening valve 
capable of lowering moderator level to about 75 cm 
above the base of the calandria. This valve was 
provided to effect rapid shutdown of the reactor and 
if possible to preclude the necessity of scramming 
the reactor, if a short period occurs or (on auto- 
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matic control) if power level varies excessively 
from the set point. This valve may also be opened 
manually by the reactor operator; in addition, it is 
opened (and the gas balance compressor stopped) 
by safety circuit interlocks at the time moderator 
dumping occurs. 

4) A characterizing valve, referred to simply as 
the ‘‘fifth’’ valve, which is actuated in a positive 
feedback loop in response to the differential pres- 
sure in the gas balance system. This valve is ad- 
justed tobe fully open when pressures are equalized 
(i.e., when moderator is at weir level) and to be 
closed when moderator level reaches about 200 cm. 
The effects of this valve are to further limit the 
maximum rate of moderator rise (and thus of re- 
activity increase) at low moderator levels, and to 
extend the range of the ‘‘manual’’ and “automatic” 
control valves to lower moderator levels. 


The helium gasholder (gasometer) shown in 
Fig. VIII-2 furnishes a pressure reference for 
the gas-balance system and is held at a pres- 
sure very slightly greater than the air pressure 
in the building that houses the PRTR. The ori- 
fice in the line to the gasholder limits the flow 
of gas from the reactor during dumping of the 
moderator but offers no appreciable resistance 
to the flow of gas at the flow rates that occur 
during normal operation. If the helium supply in 
the gasholder were depleted and its pressure 
lowered, an uncontrolled rise in moderator 
level could result. Although specific control in- 
terlocks are provided to prevent the depletion 
of the helium supply in the gasholder, a backup 
safety feature is provided by the installation of 
the vacuum breaker near the inlet to the gas- 
balance compressor. This vacuum breaker en- 
sures that the system reference pressure does 
not fall below the pressure in the reactor 
building. 


The design of the fast-acting dump valves that 
are installed in the four top gas lines deserves 
some attention. As shown in Fig, VIII-3, adraw- 
ing of the valve, a plug is normally held in the 
closed (up) position by a spring at its base. The 
valve plunger is not attached to the plug but is 
normally held free of the plug by an electro- 
magnet located at the end of the actuator as- 
sembly. Opening of the valve is accomplished 
by deenergizing the electromagnet. This per- 
mits a strong spring to force the plunger against 
the plug, thereby overcoming the upward-acting 
force of the plug spring and opening the valve. 
The dump valves are capable of opening in 30 to 
50 msec after the solenoids of the electromag- 
net are deenergized. The actuating plunger is 
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recocked subsequent to opening of the valve by 
energizing the holding electromagnet and feeding 
compressed air to the bottom side of the piston; 
the force thus generated is capable of overcom- 
ing the downward force exerted on the pushrod 
by the valve-opening spring. Air pressure is 
bled from the cocking cylinder after the opening 
spring is compressed and the plunger is brought 
into contact with the electromagnet. The spring- 
loaded air piston then contracts to its normal 
position, leaving the valve free to open if the 
electromagnet is deenergized. Because failure 
of the cocking piston to retract could preventor 
materially slow down the opening up ofthe valve, 
limit switches prevent starting of the gas- 
balance compressor unless the pistons of all 
four dump valves are in the retracted position. 

Although regulating and safety rods are re- 
placed in the PRTR by its moderator-level- 
control system (and its dump feature), the re- 
actor still requires shim elements. These shim 
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Fig. VIN-3 PRTR dump valve.’ 


elements maintain the moderator level within 
its normal operating range, compensate for fuel 
burnout, provide for xenon override, and flatten 
the neutron flux. The shim elements also pro- 
vide for depressing the flux for experimental 
purposes in portions of the reactor. Operation 
of the units is manual, and they are not intended 
as a safety device. Eighteen shim assemblies* 
of the type shown in Fig. VIII-4 are provided in 
the PRTR core. Each of the 18 assemblies con- 
tains three Inconel elements that are “gray” to 
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neutrons. The basic frame, or structural mem- 
bers, of the shim assemblies does not move in 
and out of the core. Instead, the frame remains 
fixed in its position in the core, and the three 
Inconel elements are moved. Actuating force 
for the absorber elements is provided by elec- 
tric motors that drive lead screws through suit- 
able transmissions. The absorber elements are 
supported on the lead screw by recirculating- 
ball nuts. The overall height of the shim-rod 
assembly is such that the assembly extends 
from above the top primary shield into the bot- 
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Fig. VIII-4 PRTR shim-control unit.! 
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tom primary shield shown on Fig. VII-1. The 
rod assembly has three basic zones that corre- 
spond to locations in the top shield, the calan- 
dria, and the bottom shield. The zone that ex- 
tends through the top primary shield contains 
the driving head and electrical components c 
the control assembly. In the calandria region, 
the support framework provides guidance for 
the elements, and the lower-primary-shiel 
zone of the assembly is used for storage of the 
Shim elements when they are out of the core. 
The frame member of the shim assembly, which 
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remains in the core at all times, is fabricated 
from an aluminum extrusion with numerous 
punched holes as shown in Fig. VIII-4. The lead 
screws are aluminum or zirconium, and thus 
the absorption in the shim-assembly channel is 
minimized when the shim elements are in the 
out-of-core position. Each of the three elements 
in a shim assembly is 36 in. long and has an 
average worth of about 2 mk, Two motors are 
used to drive the three lead screws, and the 
mechanical arrangement is such that there are 
two mutually powered elements and one inde- 
pendently powered element. One of the mutually 
powered lead screws turns 7, as fast as the 
other, so that when one of the elements is fully 
inserted in the core the other is immediately 
below it. Second-generation shim-rod assem- 
blies* being developed for the PRTR will use 
the same lower unit (frame structure and ab- 
sorber elements) as the first-generation as- 
semblies. The driving heads, although con- 
siderably different, perform the same basic 
functions. 


Nuclear Power Demonstration Reactor 


A second reactor that utilizes moderator- 
level regulation as the primary means of reac- 
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tivity control is the Nuclear Power Demonstra- 
tion (NPD) reactor.°'5 This reactor, which uses 
natural-uranium fuel and has horizontal pres- 
sure tubes, was developed and built during 
roughly the period that the PRTR was under- 
going design and construction. Unlikethe PRTR, 
NPD produces electric power. As its name im- 
plies, the NPD was built to prove the feasibility 
of the heavy-water power-reactor concept em- 
braced by the Canadians. 


The pressurized heavy-water-cooled NPD 
generates about 20 Mw of electric power from 
a thermal-power production of nearly 90 Mw 
and has primary coolant parameters similar to 
those of the PRTR. Primary coolant enters the 
reactor at 485°F, leaves at 530°F, and is main- 
tained at a nominal pressure of 1040 psig. Al- 
though the appearance of NPD, as shown in Fig. 
VIII-5, is markedly different from that of the 
PRTR, the principle of operation of the mod- 
erator-level-regulation system is the same; 
i.e., NPD uses a gaS-balance system that will 
be described shortly. Fuel elements in NPD 
consist of 7- or 19-rod bundles, with each rod 
containing pellets of natural UO, encased in cy- 
lindrical Zircaloy-2 cladding tubes. Fuel chan- 
nels in the core are formed by 132 Zircaloy-2 
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pressure tubes, each having an inside diameter 
of 3.25 in. As in the PRTR, the pressure tubes 
penetrate the core through low-pressure calan- 
dria tubes that are part of the heavy-water 
core tank. 

As shown in Fig. VIII-5, the calandria of the 
NPD reactor is a compartmented tank. How- 
ever, the sections within the tank are not used 
to separate the moderator and reflector portions 
of the core as in the PRTR but, rather, to sepa- 
rate the two types of reflector used in NPD. As 
shown in the figure, the active core region of 
NPD is surrounded by a heavy-water reflector 
that is integral with, and a part of, the modera- 
tor system. It is this heavy-water reflector 
which the inner compartment of the calandria 
tank bounds, so that when the NPD moderator 
level is changed, the heavy-water-reflector 
level changes too. The incorporation of the 
heavy-water moderator-reflector liquid into a 
Single system in the NPD, in which the reflector 
is actually quite thick (~21 in.), illustrates an 
interesting difference in design approach from 
that employed in the PRTR. In the PRTR the 
inner tank which surrounds the process channels 
and which contains the heavy-water moderator 
is only slightly larger than the distance across 
the outermost process tubes. The annular heavy- 
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water reflector, whose level is not varied, re- 
mains in its portion of the calandria following š 
moderator dump and provides postdump shield- 
ing. Comparable shielding in NPD is furnishec 
by the light-water reflector that surrounds the 
heavy-water moderator-reflector section of the 
calandria. In spite of the reactivity effects, the 
scheme employed in NPD appears to be the 
simpler one: a single heavy-water system suf- 
fices for both moderator and inner reflector. 
and, although a relatively large volume of heavy 
water must be moved to achieve a given change 
in moderator height, the provision of sufficient 
pipes, etc., to handle the relatively large flow 
seems to be a straightforward step. 

The moderator-level-control system of the 
NPD reactor,’ although utilizing the same gas- 
balance principle used in the PRTR, has inter- 
esting features and differences. The NPD sys- 
tem (shown in Fig. VIII-6) contains the same 
basic components as its counterpart in the 
PRTR: a reactor tank containing a dump region 
that has a relatively large volume into which 
heavy water can flow at the initiation of a mod- 
erator dump, large interconnecting pipes be- 
tween the reactor tank and the dump or storage 
tank, and gas connecting lines between the top 
of the reactor tank and the dump tank. Fast- 
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opening valves, which are.opened to equalize 
pressure between the moderator and storage 
tanks and thereby cause the dumping of the 
moderator, are located in the top gas line. The 
pressure differential, which establishes the level 
of moderator in the tank, is developed around 
these normally closed valves by helium com- 
pressors. Since the operation of the NPD system 
is Similar to that of the PRTR system, it will 
not be described here. However, the arrange- 
ment employed in valving the main gas-balance 
or top gas line is important. As shown in Fig. 
VIII-6, and as indicated in Fig. VII-5, a single 
large gas line leads most of the way from the 
top of the calandria tank to the top of the dump 
tank. However, prior to entering the dump tank, 
the single large line branches into three paral- 
lel lines. Each of the three parallel lines is 
provided with two valves in series, so that, to 
dump the heavy-water moderator from the re- 
actor tank to the storage tank, two valves in 
one of three lines must open. The opening of a 
Single one of the three parallel lines results in 
a sufficiently fast lowering of the moderator 
level for scram purposes. The three parallel 
lines with double valves in each line are used 
in the NPD because a triplicated system? is 
employed in the scram as well as the regulating 
circuitry of the reactor. The triplicated safety 
System, which is shown schematically in Fig. 
VIII-7, minimizes the number of false trips and 
gives the advantage that all equipment can be 
tested routinely, one channel at a time, from the 
primary sensing element through to actual oper- 
ation of the dump valves. 
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In addition to the primary mode of reactor 
control, i.e., the variation of moderator level, 
NPD has other means of reactivity management. 
By virtue of the on-power refueling scheme 
used, the amount of excess reactivity available 
at any time in plant life can be held to a mini- 
mum. Although not actually a control feature as 
such, the on-line refueling scheme does make 
the job of the control-system components rela- 
tively easy once the reactor has attained an 
equilibrium core condition. In addition to the 
reactivity control methods already mentioned, 
NPD has the capability of changing reactivity 
by two other means: insertion of a booster rod 
and variation of moderator temperature. The 
booster rod, whose location is shown in Fig. 
VIII-5, is a fissile assembly that can be in- 
serted into the core to give aboostin reactivity. 
The rod is worth 2.5 mk and, when inserted fol- 
lowing an emergency shutdown, partially over- 
rides xenon poison and permits the reactor to 
be below 60% of full power for up to 35 min 
while retaining a restart capability. Although 
moderator-temperature variation is ineffective 
as a control mechanism once an equilibrium 
fuel-burnup condition has been reached (since 
its reactivity coefficient is essentially zero at 
that condition), it is useful during the first year 
of operation of the reactor. With a fresh pile 
the temperature coefficient of reactivity for the 
moderator is —0.04 mk/ °F. The effect of this 
characteristic can be used to good advantage as 
a reactivity shim during refueling and to further 
extend the poison override times up to a maxi- 
mum of about 55 min. 


Operating Characteristics 


PRTR OPERATING EXPERIENCE 


After more than two years’ operating experi- 
ence with the PRTR moderator-level-control 
system, its users report? that the system has 
proved to be a safe, reliable, and satisfactory 
means of reactor control. With the exception of 
level instabilities that occurred and were cor- 
rected during a short period early in the oper- 
ating life of the reactor, the moderator-level- 
control system has met or exceeded design 
requirements for both the regulating and the 
safety modes of operation. 


Control-System Characteristics. Startup 
tests performed with the PRTR verified the 
control-system characteristics-that were pre- 
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dicted in analyses and tests performed during 
the design of the system. The moderator level 
is controllable over a range of about 80 cm to 
the maximum capacity of the calandria, which 
is at a level of about 287 cm. The normal range 
of levels for operation of the reactor at power 
is 260 to 270 cm. Reactor operating procedures 
require that criticality be attained only at mod- 
erator levels exceeding 182 cm. The worth of 
the moderator as a function of its height is 
shown in Fig. VIII-8 for a level range of 140 to 
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Fig. VIII-8 Reactivity variation with moderator level 
in the PRTR.® 


270 cm. As can be determined from the figure, 
the moderator-level coefficient of reactivity is 
approximately 5 cents/cm in the normal range 
of levels for power operation. 

Test data on the control system obtained dur- 
ing the reactor startup period show that the lim- 
iting rates of moderator-level change attainable 
with the system are as shown in Fig. VIII-9. 
One of the curves is for an increasing moder- 
ator level, and the other two curves represent 
level change rates corresponding to decreasing 
levels. The perturbations that occur in all 
curves at about the 220-cm level are caused by 
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the capacity of a header located behind the mod- 
erator recirculation (outflow) ports located at 
that level. These perturbations, which show x 
clearly on the maximum rate of level-change 
curves, are not observed at level-change rates 
that normally occur in the system, and, further- 
more, do not affect control of the reactor. 


For the limiting level change rates shown ir. 
Fig. VIOH-9, there are corresponding limiting 
rates of change in reactivity. Figure VII-1¢ 
shows the limiting rates of reactivity change 
attainable with the PRTR control system. As 
Shown in the figure, the maximum reactivity 
change rate at a moderator level of around 182 
cm, which is the minimum criticality level as 
set by reactor operating procedures, is slightly 
more than 2 cents/sec, and the maximum rate 
at the normal range of levels for operation at 
power is about 1 cent/sec. 


Although the PRTR control system had been 
operated principally in a manual mode up to the 
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Fig. VIII-9 Limiting rates of moderator-level change 
with control system in the PRTR. A, all control 
valves closed, increasing level. B, automatic or man- 
ual valve open, decreasing level, C, automatic ami 
shutdown valves open, decreasing level. (“Fifth ° 
valve is operating in all cases.) The spikes that ap- 
pear in these curves are due to effects of the header 
volume behind the top discharge orifices. These are 
seen only in maximum-change-rate tests, such as 
produced the data, and never in actual operation wher 
rates of level change (at this level) are well below 
maximum. 
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time of writing of Ref. 3, indications were that 
the stability of control would be very good in 
both manual and automatic modes of operation. 
During all phases of reactor operation under the 
manual option, the system provides stable con- 
trol, and the limited experience obtained with 
the automatic controller indicates that it will 
provide a marked improvement and smoothness 
and precision of control over the manual mode 
at the power levels (2 to 70 Mw) at which it had 
been used. Although the stability of the system 
is entirely acceptable, minor fluctuations in 
moderator level (which may represent wave 
action at the surface rather than true variation 
in level) do tend to obscure measurements of 
reactor noise and make period measurement 
involving long periods difficult. 

The moderator-dump feature of the PRTR 
control system has been demonstrated to bea 
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Fig. VIII-10 Limiting rates of reactivity change with 
control system of the PRTR.? A, all control valves 
closed. B, automatic or manual valve open. C, auto- 
matic and shutdown valves open. (“ Fifth” valve is 
operating in all cases.) The spikes that appear in 
these curves are due to effects of the header volume 
behind the top discharge orifices. These are seen 
only in maximum-change-rate tests, such as produced 
the data, and never in actual operation where rates of 
level change (at this level) are well below maximum. 
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Fig. VIH-11 Typical moderator-level decrease dur- 
ing dump of the PRTR.2 


rapid, reliable, and essentially fail-safe means 
of reactor scram. Figure VIII-11 shows the 
height of moderator as a function of time after 
tripping the reactor safety circuit. The curve 
shown in the figure is a composite drawn from 
data obtained from timed tests performed dur- 
ing the reactor startup. Since the times are 
given as time after tripping of the safety cir- 
cuit, they include delays in the safety circuit 
and in opening of the dump valves. The decrease 
in reactivity, which occurs as a result of the 
lowering of the moderator level in the calandria, 
is related to the time after tripping the safety 
circuit by the curve shown in Fig. VIII-12. The 
design requirements for the safety system 
Specified a 2-ft decrease in level from normal 
operating levels within 1 sec after tripping of 
the safety circuit. The reactivity associated 
with this decrease in level is about 3 dollars 
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and 50 cents. As can be seen in Figs. VII-11 
and VIII-12, these requirements are bettered 
by the system, with the required 2-ft change in 
level accomplished in less than 0.7 sec. At the 
end of the first second after tripping the safety 
circuit, where the reactivity decrease was re- 
quired to be about 3 dollars and 50 cents, the 
actual reduction amounts to about 5 dollars. 
Although the moderator rate of level decrease 
may be somewhat slower than shown in Fig. 
VIII-11 for cases in which the moderator is 
dumped from levels below the normal operating 
range, the net rate of reactivity decrease is as 
great as that shown in Fig. VIII-12 owing to the 
increase in moderator-level coefficient of re- 
activity at the lower levels. 

Although the dump time and effectiveness just 
discussed are based on the satisfactory opera- 
tion of all four moderator dump valves, it is 
interesting to note that failure of some of the 
valves to open does not materially affect the 
initial (and most important, of course) rate of 
dump. Tests showed that the design require- 
ment of a 2-ft drop within 1 sec could easily be 
met with two valves operating and could almost 
be met with only a single operable valve. Fig- 
ure VIII-13 shows the difference in moderator 
level as a function of time after tripping the 
safety circuit for the normal, or four-valves- 
working, case and for the situation in which 
only one valve opens. 


Problems During Early Operation. Early in 
the control-system test period, oscillations oc- 
curred in the moderator level.’ These oscilla- 
tions, which were up to 2 cm in height, were 
stopped by the addition of a water separator to 
the discharge of the gas-balance compressor, as 
shown in Fig. VIII-2, and by changes in the in- 
ventory of the helium gasholder and in helium- 
addition procedures, although the specific 
mechanism causing the oscillations was not 
identified. Subsequent to the stopping of the os- 
cillations in moderator level, a pressurized 
helium system associated with the primary 
coolant loop was placed in service. Whenever 
the helium compressors in the system associ- 
ated with the primary coolant loop were oper- 
ated, the oscillations in moderator level re- 
curred. Because the gasholder shown in Fig. 
VIII-2 is a common component of several sys- 
tems, including the primary-loop helium sys- 
tem that was apparently causing the later os- 
cillations in moderator level, it became evident 
that there was some interaction between the 
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level-control system andother reactor systems. 
The causative mechanism for the second series 
of oscillations was determined to be fluctuations 
in pressure within the helium gasholder, which 
resulted in fluctuations in moderator level. Sig- 
nificant oscillations in moderator level were 
eliminated by modifying the gasholder cover so 
that the gasholder gave relatively even response 
to changes in inventory, and by replacing a com- 
mon manifold that had served the control system 
as well as the primary loop system witha sepa- 
rate line from the gasholder to the level-control 
system. This latter step was taken as aprecau- 
tion against pressure pulsations from other 
sources. 


With the helium-gasholder arrangement used 
in the PRTR level-control system, a decrease 
in gasholder pressure is accompanied by acor- 
responding decrease in gas pressure within the 
reactor calandria. This decrease of pressure 
within the calandria results in an increase in 
the differential pressure between the calandria 
and the moderator storage tank and causes an 
increase in moderator level. On two separate 
occasions, spontaneous rises in moderator level 
were caused by rather sudden decreases in he- 
lium pressure in the gasholder. These sponta- 
neous rises in level illustrate rather dramati- 
cally the strong interaction that can exist 
between remotely related systems. The first 
spontaneous rise in moderator level occurred 
during a critical test that was made at a time 
when modifications to the ventilation-exhaust 
system of the containment vessel were being 
carried out. A containment valve was closed to 
seal off the exhaust duct during the modifica- 
tion, and the ventilation supply fan was left in 
operation, causing the containment-vessel pres- 
sure to increase gradually. Consequently helium 
pressure in the gasholder increased gradually 
(not at a rate sufficiently fast to decrease the 
differential pressure across the calandria tank 
but, rather, so slowly that the level-control 
system did not “feel” the increase). When work 
on the containment exhaust system was com- 
pleted, the valve that had been closed to seal 
off the exhaust duct was opened, and building 
pressure rapidly dropped to normal. The gas- 
holder pressure decreased with the building 
pressure, thereby increasing the differential 
pressure across the calandria and causing a 
rapid rise of the moderator level of about1 cm, 
followed by a slower rise to about 2.5 cm. The 
shutdown valve of the level-control system was 
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opened, and the rise in moderator level stopped. 
On another occasion a spontaneous rise in mod- 
erator level of about 8 cm occurred. This time 
the reactor was ready for startup, and the con- 
trol valves had been closed, but the gas-balance 
compressor had not been started. The rise, 
which had again been caused by changes in he- 
lium pressure in the gasholder, was stopped by 
opening the control valves. In the second in- 
stance, the sudden change in gasholder pressure 
had apparently been caused by the rather rapid 
charging of the helium into the gasholder and 
the inability of the pressure-relief mechanism 
of the gasholder to prevent an overpressure 
upon the injection of such large amounts of 
helium. Consequently the gasholder pressure 
increased slowly for some time, again causing 
no discernible change in the differential pres- 
Sure across the reactor calandria. Then the 
gasholder inventory was rapidly reduced, prob- 
ably by starting the helium compressors, thus 
relieving the overpressure condition and caus- 
ing a rapid increase in calandria differential 
pressure. 

A number of steps were taken to prevent 
the recurrence of spontaneous moderator-level 
rises such as those described above. These 
steps included the procedural requirement that 
the air pressure in the containment vessel must 
be less than atmospheric pressure by at least 
0.3 in. H,O before reactor operation is per- 
mitted. This provision prevents the occurrence 
of a sudden decrease in containment-vessel 
pressure (and, consequently, gasholder pres- 
sure) due to venting to the atmosphere. The 
only other step that will be mentioned here is 
the one taken to prevent a transient rise in 
moderator level caused by a rupture of the gas- 
holder or its connecting piping. The magnitude 
of such a rise is limited by keeping the oper- 
ating pressure of the gasholder to a value of 1 
in. H,O or less above the building pressure. 


Some difficulty was encountered with leakage 
through the dump valves in the top helium-gas 
lines. This leakage caused the rate of rise of 
moderator level during startup to markedly de- 
crease, and, often, the moderator could not be 
raised above a level of about 150 cm. Although 
the results of such a leak do not present a haz- 
ard, it is conceivable that a sudden stoppage of 
the leak could cause an increase in the differ- 
ential pressure across the calandria tank and a 
subsequent rise in moderator level. Therefore 
startup procedures were specified which re- 
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quired that the rate of rise of moderator level 
during startup be within prescribed limits. A 
program of planned maintenance of the valves 
has essentially eliminated the leakage problem. 


NPD OPERATING EXPERIENCE 


The moderator-level-control system of NPD 
has performed its functions satisfactorily. %1! 
Utilization of the system has proceeded some- 
what differently than in PRTR, in that NPD’s 
automatic-control mode of operation was brought 
into use immediately after first achieving criti- 
cality. This early use of the automatic system 
is not too unexpected, however, since the NPD 
design incorporates the triplicated-components 
arrangement in the regulating as well as in the 
safety portions of the system. Another factor 
that probably hastened the use of the automatic 
system was that manual control of moderator 
level, which was carried out with five of the 
valves shown in Fig. VIII-6 in an equilibrium 
position and the sixth valve used for fine con- 
trol, proved to be simple but slow. 


Apparently the NPD control system was 
brought into service with a minimum of diffi- 
culty. The object of the load-following scheme 
used in the on-power mode of operation of NPD 
is to have the reactor follow changes in turbine 
load so that constant steam pressure is main- 
tained at the turbine throttle valve. The reactor 
satisfactorily assumes load at the limiting rate 
of 20% full load/min; it shuts down to a low 
power, without excessive steam bypass, on a 
loss of electrical connection to the grid or loss 
of the turbine. Early experience with the system 
can probably be summarized best by the follow- 
ing sentence from Ref. 7: “Perhaps the most 
difficult commissioning operation was bringing 
the triplicated input signals into sufficient 
agreement.” 


It is shown by measurements that the installed 
blower capacity of the NPD level-control sys- 
tem, in conjunction with the piping arrangement 
employed, can cause a maximum rate of rise of 
moderator level which corresponds to a rate of 
reactivity increase at cold, clean critical con- 
ditions of slightly less than 0.3 mk/sec. At this 
rate, it takes 12 min to fill the calandria tank, 
and the rate of reactivity increase at full-tank 
conditions is 0.06 mk/sec. Moderator dump 
tests showed that with two out of three protec- 
tive channels in operation (that is, with only 
one gas-balance line opening), reactivity could 
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Table VIII-1 COMPARISON OF DESIGN AND 
MEASURED PARAMETERS IN NPD?’ 


Design Measured 
Parameter value value 
Clean critical level 89.3 in.* 97.5 in. 
Moderator temp. coefficient —0.06 mk/*F —0.04 mh/*F 


Heat-transport system temp. 


coefficient —0.024 mk/*F —0.02 mk/*F 
Light-water reflector 

savings 3 mk 3.6 mk 
Ak rf Rett 

For clean critical condi- 

tion to full tank 37 mk 39 mk 
For enriched booster 2.5 mk 2.4 mk 
Dump rate in first second 3 mkt 5 mk 


*Error due to underestimate of depleted uranium: now 
reconciled. 
tConservative value; measured results more favorable. 


be reduced 5 mk in the first second and 15 mk 
in 2 sec. The dump valves had fully opened 0.3 
sec after receiving a trip signal. Table VII-1 
is a comparison of pertinent design and mea- 
sured parameters in NPD, and Fig. VII-14 
shows the variation of moderator temperature 
coefficient with fuel irradiation. As mentioned 
earlier, the coefficient is essentially zero with 
equilibrium fuel burnup, and Ref. 11 contains a 
statement that there is no detectable change in 


0.01 


I 
O 
O O 


i 
O 
O 
Ñ 


Temperoture Coefficient, mk/°F 





O 20 60 IOO 140 89 


Full-Power Days 


Fig. VIII-14 Variation of moderator temperature 
coefficient with fuel irradiation in the NPD reactor." 
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. moderator temperature coefficient with changes 
in moderator level. The value of 39 mk, shown 
in Table VIII-1 as the measured value of reac- 
tivity change from the clean critical moderator 
' level to full tank level, corresponds to a change 
in level from 97.5 in., as indicated in Table 
VIII-1, to a full tank height of approximately 
173 in. 


Large Reactors 


The operating experience gained with the re- 
actor control systems of PRTR and NPD has 
shown the suitability of moderator-level control 
for small, heavy-water-moderated pressure- 
tube reactors. The NPD system, in particu- 
lar, rather epitomizes the useful application 
of moderator-level control by its extreme 
Simplicity and almost complete lack of ancil- 
lary systems, components, or gadgets for re- 
actor control. Despite the obvious utility of 
moderator-level control in NPD, however, its 
use in future reactors is by no means certain 
because there appears to be no great demand 
for reactors of the NPD type and size and be- 
cause moderator-level-control systems lose a 
great deal of their attractiveness when applied 
to large reactors. A brief discussion of the 
CANDU reactor,5:2,13 which qualifies as both a 
large reactor and one which uses moderator- 
level control, serves to illustrate the complica- 
tions which occur in larger reactors and which 
begin to nullify the advantages of a concept that 
is simple in practice as well as in principle in 
smaller reactors. 

The 200-Mw(e) CANDU is similar in appear- 
ance to the NPD reactor. It utilizes a calandria 
pierced by horizontal process tubes, is fueled 
with rod type bundles containing natural UO,, is 
moderated by heavy water, and is cooled by 
pressurized heavy water. Nominal coolant tem- 
perature at the reactor inlet is 480°F, that at 
the reactor outlet is 560°F, and the primary 
coolant pressure is about 1400 psi. As in NPD, 
emergency shutdown is accomplished by a mod- 
erator dump system operating on the gas- 
balance principle.'‘ In a sense, moderator-level 
control is also used in CANDU, since after a 
shutdown the reactor must be brought back to 
critical by raising the moderator. However, the 
use of level control alone can result in the re- 
quirement that the reactor operate for signifi- 
cant periods at reduced power output because of 
xenon oscillations induced by flux distortions 


resulting from operation at low moderator 
levels. In CANDU, cadmium sulfate will be 
added to the moderator to permit operation at 
full tank at all times.’ This moderator-poison 
expedient will be employed at times prior to the 
full build-in of xenon or if fuel reactivity is 
higher than usual. As the xenon builds up after 
an extended shutdown, the cadmium in the mod- 
erator will be removed by ion exchange. 

CANDU is provided with four small absorber 
rods, moving in two through tubes, to give a 
means of local control in each of the four quad- 
rants of the reactor.’ These absorbers, which 
can be moved collectively or independently, will 
be used to adjust the overall reactivity as well 
as to exert local influence on the flux in any 
particular quadrant. 

The last accessory control mechanism that 
will be described for CANDU consists of booster 
rods similar to the rod installed in NPD. The 
CANDU system consists of eight booster ele- 
ments that are capable of moving independently 
in four through tubes.' The proposed total 
worth of the eight elements, when fully inserted, 
is about 10 mk. The worth of the rods is ex- 
pected to be sufficient to give the reactor re- 
Start capability after being shut down for about 
30 min from equilibrium full power or to allow 
power to be reduced to about 65% for an indefi- 
nite period. 

With the exception of the on-line refueling 
process that is a feature of the CANDU design, 
all the reactivity-control methods will be inte- 
grated into an automatic system. When we con- 
sider the several major control devices which 
will be parts of this system, and which have 
been mentioned previously, it is obvious that 
the rather simple concept of moderator-level 
control loses a great deal of its simplicity when 
applied to reactors in the CANDU size range. 
The CANDU case is an example of the simple 
concept being a little too simple to meet the 
requirements of a large core, and it is unfortu- 
nate that the uncomplicated implementation of 
the scheme, as exemplified by the NPD system, 
is not applicable to the larger reactors. 
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IX Specific Reactor Types 


Power Reactor Technology 


Heavy-Water Reactors 


Large-Plant Studies 


The design of the Carolinas- Virginia Tube Re- 
actor (CVTR) was reviewed in Power Reactor 
Technology, 6(4). This plant was designed as 
the prototype of a full-scale plant, and Ref. 1 
is a report on a study of the larger plant. The 
CVTR was designed to produce 17 Mw(e), 
whereas the large plant nominally produces 
300 Mw(e). 

Although the CVTR had not produced a sig- 
nificant amount of operating experience at the 
time Ref. 1 was issued, the influence of the 
small reactor can be seen in the design of the 
large reactor, especially in the following areas: 

1. The pressure-tube reactor concept (cold- 
tube design) 

2. Heavy water as moderator and coolant 

3. Pressure-tube joints, including a Zircaloy — 
stainless-steel joint 

4. Fuel-assembly design 

5. Stagnant-water (D,O) baffle design for 
thermal insulation 

6. Primary-system temperatures and pres- 
sures 

7. Primary-system pressure drop 

8. The basic reactor layout (e.g., moderator 
tank and header-cavity layout) 

9. Refueling method 

10. Closed-system ventilation of the vapor 
container with D,O recovery 


A set of four large plants (cases) was studied 
ising four different fuel assemblies, as shown 
n Table [X-1. Design data on cases II and IV 
ıre presented in Table IX-2. 

The CVTR and the large plant are both U- 
ube designs, although the CVTR uses a gasketed 
oint and the large plant uses a coextruded 
Zir caloy —Stainless-steel transition joint. Each 
ylant has a mechanical joint for pressure-tube 


Table IX-1 FUEL ASSEMBLIES SPECIFIED 
FOR LARGE-PLANT STUDIES 


Case Rods/cluster Fuel 
I 19 Natural UO, 
II 19 Enriched UO, 


Il 37 
IV 37 


Natural UO, 
Enriched UO, 


closure without seal welding. The CVTR fuel 
element is about 8 ft long, and the large plant is 
fueled with a 13- to 16-ft-long fuel element, pos- 
sibly made of subassemblies. Cross-sectional 
views of the 19- and 37-rod fuel bundles and 
pressure tubes are shown in Fig. IX-1. 

Steam conditions of the CVTR secondary 
plant were dictated by the existence of a steam 
plant previously constructed. The large plant 
was designed with a primary-sSystem pressure 
of 1000 psia for the natural-uranium reactor 
and 1500 psia for the enriched-uranium reactor. 
The lower pressure was selected to minimize 
the wall thickness of pressure tubes and fuel- 
rod cladding for the reactor using natural ura- 
nium, whereas the upper pressure is identical 
with that of the CVTR. There are some differ- 
ences between the refueling concept for the large 
plant and that of the CVTR. The CVTR is re- 
fueled by removing the pressure tubes (from 
which the fuel elements have been removed) from 
the reactor during one of the refueling steps and 
replacing them by fully loaded pressure tubes, 
whereas the large plant would be refueled with- 
out moving the pressure tubes except in the 
case of pressure-tube damage. The two plants 
also differ in the method of pressure-tube 
support. The CVTR supports the pressure 
tubes on a core support plate by means of 
jumper blocks and support columns.* However, 


* Figure III-7 of the previously mentioned CVTR re- 
view illustrates the method of pressure-tube support. 
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Table IX-2 CVTR LARGE-PLANT DATA: 
300 Mw(e) NOMINAL POWER! 








Case I Case IV 
(enriched) (enriched) 
Heat output, Mw (t) 
From core 1136 1136 
From fuel rods in maximum- 
power U tube 4.72 8.69 
Coolant flow, Ib/hr 
Total coolant flow rate 38.3 x 106 38.3 x 105 
Flow per maximum -power 
U tube 147,200 272,300 
Pressure, psia 
System pressure minimum 
(U-tube exit) 1480 1480 
U-tube pressure drop 105 #5 105 + 5 
Steam pressure 481 481 
Hot-channel factors 
Heat flux (F; ) 3.10 3.10 
Radial 1.50 1.42 
Axial 1.62 1.62 
Maximum-to-average rod 
in cluster 1.18 1.25 
Flux (FẸ) engineering 1.08 1.08 
(FKg) engineering 1.05 1.05 
Flow effectiveness* 1.05 1.05 
Heat transfer 
Active core surface area, 
sq ft 32,748 32,197 
Average flux, Btu/(hr)(sq ft) 124,600 124,600 
Maximum steady-state flux, 
Btu/(hr)(sq ft) 386,000 386,000 
Average film coefficient in 
maximum -power tube, 
Btu/(hr )(sq ft)(°F) 9900 10,000 
Minimum DNB ratio at full 
power 2.3 2.3 
Temperatures, °F 
Moderator, average 155 155 
Moderator, inlet 130 130 
Coolant, inlet-to-pressure 
tubes 488 488 
Coolant, discharge from 
pressure tubes 570.8 570.8 
Saturation temperature 592.7 592.7 
Fuel-rod surface, maximum 
steady 602 602 
Maximum center temperature 
at 100% power 3930 3930 
Fuel rod 
Outside diameter, in. 0.54 0.54 
Pellet diameter, in. 0.5 0.5 
Cladding wall thickness, in. 0.0163 0.0163 
Fuel length per rod, ft 16.04 16.03 
Rod lattice, in. 0.672 0.672 
Rods per assembly 19 37 
Pressure tube 
Total No, of pressure tubes 760 384 
No. of U-tube assemblies 380 192 
No. of fuel elements 760 384 
Inside diameter, in. 3.959 5.303 
Wall thickness, in. 0.207 0.277 


*Ratio of hot-tube enthalpy rise to corewise average 
enthalpy rise. Dependent on timewise nuclear tactor for 


low-power tubes. 
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the major difference between the CVTR and the 
large plant is the number of pressure tubes, 
the number being larger by an order of magni- 
tude in the large plant. This increased number | 
results in a greatly increased jumper Stack 
height (Fig. [X-2). In the large plant the pres- 
sure tubes are supported on the top neutron- 
shield tank to minimize stresses due to thermal 
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Fig. IX-1 Cross sectionof pressure tubes containizy 
19- and 37-rod fuel clusters (dimensions in inches).’ 
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expansions. It is noted in Ref. 1 that the U-tube 
design for the pressure tubes is not necessarily 
the best arrangement for the large plant. Ad- 
vantages and disadvantages of U tubes relative 
to through-tubes and bayonet or reentrant tubes 
are also discussed, The U-tube design does 
confine all the jumper tubes andtheir associated 
joints to the top of the reactor where they are 
srobably more readily accessible, and it avoids 
denetrations of the moderator tank below the 
D-O level. But the U tubes also have an in- 
1erently large pressure drop (because they con- 
stitute a two-pass system) and are expensive. 
Figure IX-3 is a schematic diagram of the 
<quipment arrangement in the vapor container. 
[he reference contains some cost data on the 
arge-plant designs and the following quotation 
‘robably best serves to illustrate the results:! 


An estimate of the cost of each of the four large 
plants was made primarily to indicate areas where 
improvements must be made to lower costs. Since 
no concerted effort was made to achieve optimum 
conditions or designs, it was anticipated that the 
estimated costs of these four plants would be higher 
than estimates by others in the industry for com- 
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Fig. IX-2 Elevation section of the large 
plant showing pressure tubes and piping.! 


Jumper-Tube 
Y Connectors 


Control-Rod- 
Drive Shafts 


se = 


OOS 24 A 325 252 


D 
, + 





ry’ © 7 
SS 


parable plants. Thus comparisons should be made 
with caution. 

The costs for each of the four plants are listed 
below. 


Cost* mills/kw-hr 


Item Case I Case II Case Ill Case IV 
Plant 6.06 5.89 5.53 5.27 
D,O 1.53 1.48 1.42 1.32 
D,0 losses 

(2% per year) 0.24 0.23 0.22 0.20 
Fuel cost 3.74 2.15 3.85 1.98 
Operation & 

maintenance 0.80 0.80 0.80 0.80 
Total 12.37 10.55 11.82 9.57 


*Costs based on 14.5% yearly rate on capital investment 
and 13.0% yearly rate on the D,O. 


The fuel assemblies for each ofthese four cases 
are described in Table IX-1. Although compari- 
sons of cost data are often not significant, there 
are a few comparisons of important design 
parameters that probably can be made with 
validity. These comparisons are illustrated in 
Table IX-3. The data for the Canadian, .Du 
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Fig. IX-3 Elevation section of vapor container. 


Table IX-3 COMPARISON OF DESIGNS FOR LIQUID D,0O-COOLED REACTORS 








Westinghouse 
Canadian Du Pont AE PSC-GNEC case IV 
Gross power, Mw (t) 1570 1838 1850 1135 
Total D,O inventory, metric 350 325 390 485 
tons 
Maximum heat flux, Btu/ 330,000 850,000 620,000 386,000 
(hr)(sq ft) 
Uranium inventory, metric 95.7 27.1 51.4 76.7 
tons 
Average specific power, 16 68 36 14.8 
Mw(t)/metric tons of U 
No. of pressure tubes 387 226 560 384 (192 
U tubes) 
Average power/pressure 4.1 8.1 3.3 3.0 


tube, Mw(t) 
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Pont, and American Electric Power Service 
Corporation—General Nuclear Engineering Cor- 
poration (AEPSC-GNEC) designs were taken 
from Table IX-1, Power Reactor Technology, 
7(1): 88. 

The relatively high D,O inventory of the 
U-tube design results from a large number 
of pressure tubes with a large tube-to-tube 
spacing:' 


The quantity of heavy water inthe reactor is very 
large, with the consequence that the inventory 
charges are very high. This is brought about by 
the large quantity of pressure tubes and the large 
Spacing between the pressure tubes. The spacing 
of the U-tubes is governed by mechanical consid- 
erations concerned with locating all the jumper 
tubes and pressure tube supports. It is apparent 
that the design of the entire upper region of the 
pressure tube including the jumper tubes and the 
arrangement of the jumper tubes, control rods, 
supports, etc., must be carefully engineered to 
give the proper balance between D,O inventory and 
pressure drop without mechanical interference. 


The other large heavy-water study to be con- 
sidered is the organic-cooled design by Com- 
bustion Engineering, Inc.2,3 The study was re- 
viewed briefly in Power Reactor Technology, 
7(1): 95-97, and this review will emphasize 
some of the technical details of the concept. 
The characteristics of the plant are summarized 
in Table IX-4. The reactor, shown in its con- 
tainment building in Fig. IX-4, has 600 pressure 
tubes, each containing five fuel elements (Fig. 
IX—-5). Interestingly, a two-pass flow through 
the core is used, as in the CVTR [this is shown 
in Fig. IX-7, Power Reaclor Technology, 7(1)]; 
although the CVTR uses a U tube, the organic- 
cooled design connects the two passes via a 
lower, interpass header, so that the allocation 
of pressure tubes to the two passes canbe made 
for optimum thermal performance. The fuel 
element contains 37 rods, but not all are of 
identical size. Thirty-one rods have an outside 
diameter of 0.513 in., and the remaining rods 
have an outside diameter of 0.313 in. to achieve 
a circular configuration. Rod-to-rod Spacing is 
maintained by small square “wires” wound 
helically around each rod. These wires are 
extruded as an integral part of the cladding 
tube, which is sintered aluminum (SAP), XAP- 
OO1. Each rod was designed to be freestanding, 
and the assembly is secured by stainless-steel 
bands around the outside of the bundle. The 
bundle was designed with staggered ends (Fig. 
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IX-5) that intermesh with the adjacent bundles 
to minimize end flux peaks and orient the 
elements azimuthally. 


The pressure tubes are of composite design, 
consisting of an inner liner, a gas gap, and the 
outer pressure tube. The inner liner is XAP- 


001, and the pressure tube is Zircaloy-2. Both 


are designed to withstand the internal organic 
pressure. Inert gas is fed to the annular region 
between the liner and pressure tube to serve 
as an insulator and permit the Zircaloy-2 tube 
to operate in contact with the relatively cold 
moderator. Pressure-breakdown Seals are pro- 
vided at each end of the inner liner, and any 
gas leaking into the coolant is removed in the 
purification system. 


Table IX-5 lists data similar to those pre- 
sented in Table [X-3. The organic-cooled reac- 
tor does achieve a Significant reduction of the 
D,O inventory, as might be expected. On the 
other hand, it has the lowest power-removal 
rate per pressure tube, which possibly is due 
to the rather poorer heat-transfer capabilities 
of the organic coolant relative to water. There 
are many deSign variables, however, and it 
probably is misleading to attribute a specific 
performance characteristic to a single design 
variable, The average specific powers of the 
Canadian, the Westinghouse, andthe Combustion 
Engineering designs are comparable; the rela- 
tively high specific powers of the Du Pont and 
AEPSC-GNEC designs are probably due to the 
different fuel-element designs. The Canadian, 
Westinghouse, and Combustion Engineering de- 
Signs utilize solid pellets, whereas the Du Pont 
design specifies coaxial cylinders of fuel (UO,) 
of relatively thin oxide sections, andthe AEPSC- 
GNEC design specifies hollow, sintered pellets 
of UO,. The Du Pont fuel element is shown and 
discussed in Power Reactor Technology, 1(1): 
95. The coaxial design is mentioned in Ref. 1 
as a fertile area for further study. In Ref. 2 it 
is recognized that the 37-rod fuel element may 
not be an optimum one, and the coaxial design 
and several others are discussed. 


Reference 2 includes power cost estimates. 
Results are summarized in Table IX-6. Note 
that the organic-cooled heavy-water-moderated 
reactor (OHWR) was designed to operate on 
either enriched or natural fuel. It is stated in 
Ref, 2 that the resultant plant, therefore, cannot 
be considered as an optimum design for opera- 
tion with only one type of fuel, 


VoL 7, "<. 


Table IX-4 500-Mw(e) D,O-MODERATED ORGANIC-COOLED REACTOR-PLANT CHARACTERISTICS: 


General 
Reactor type 


Steam-cycle type 


Total fission power, including 
moderator heat loss, Mw 
Station net output, Mw (e) 


Net plant efficiency, % 


Fuel and core 
Type of fuel 
Fuel density, % of theoretical 
Design burnup, Mwd/metric ton 


Cladding material 

Cladding thickness, in. 

Fuel-rod outside diameter, in. 
No. of fuel rods/bundle 

Overall length of fuel bundle, in. 
No. of bundles/pressure tube 


Pressure tubes 
Number 
Lattice arrangement 
Pitch, in. 
Material 


Outside diameter, in. 
Wall thickness, in. 


Insulation material 


Core length, in. 

Core equivalent diameter, in. 
Radial-reflector thickness, in. 
Axial-reflector thickness, in. 
Total UO, loading, Ib 

Type of control unit 

No. of control units 


Nuclear fuel inventory and burnup 
Uranium total, metric tons 
Initial enrichment, wt.% $U 
Discharge enrichment, wt.% SUY 
Discharge plutonium, g/kg of U 

initial 
Design life, Mwd/metric ton of U 


Thermal Breeder Reactors 


D,O moderated, 
organic cooled 

Nonreheat with 
turbine moisture 
extraction 


1550 

Enriched 512.2 
Natural 510.3 
Enriched 33.05 
Natural 32.92 


UO, 

91 

Enriched 20,000 
Natural 5,000 
XAP-001 

0.010 and 0.016 
0.313 and 0.513 

6 plus 31 

40 

5 


600 

Square 

9°, 

Zircaloy-2 and 
XAP-001 

4'hz 

Zircaloy-2, 0.036; 
XAP, 0.062 

0.100 in. inert-gas 
annulus 


192 

269 

12 

12 
246,000 
Hy-Ball 
200 


Enriched Natural 
98.7 98.7 
1.25 0.7115 
0.05 0.30 
6.09 3.23 


20,000 5000 


Two recently published studies deal with the 


Subject of D,O reactors and their potential as 
breeders or near breeders.‘® These studies are 
of particular interest because one examines the 
thorium-"y system! and the other considers 


the uranium-plutonium system.° 
No reactor designs, as such, are presented 


in Ref. 4, The reference is more a discussion 


Nuclear fuel inventory and burnup Enriched Na:.-. 
Fuel conversion ratio by weight 
for gross lifetime 
Total plutonium generated /88%U 1.40 1.24 
lost 
Fissionable plutonium generated/ 1.23 1.3- 
235U lost 
Fuel conversion ratio by weight 0.51 NTS 
for net lifetime, plutonium i 
remaining /38U lost 
Lifetime energy-production 
fractions 
238U fission 0.49 0.64 
2380) fission 0.01 0.5: 
Plutonium fission 0.50 0.35 
Thermal 


115,000 115. ` 
298,400 352.: 


Average heat flux, Btu/(hr)(sq ft) 
Maximum heat flux, Btu/(hr)(sq ft) 


Maximum cladding-surface tem- < 850 <55 
perature, °F 

Maximum UO, fuel temperature < 3450 <375 
including all hot-spot factors, °F 

Primary coolant system 
Coolant material Santowax OMP, 
10% high boiler: 

Total coolant flow, lb/hr 42,900,000 

Reactor inlet temperature, °F 536 

Reactor outlet temperature, °F 760 

Reactor pressure drop (header to 223 259 
header), psí 

No. of loops 4 

Coolant inventory, lb 790,000 

Makeup, Ib/day 7200 

Blanket gas Nitrogen 

Materials in contact with coolant Carbon steel, 

XAP-001, S.S. 
Moderator system 

Medium D,O 

Moderator-tank inlet tempera- 130 
ture, °F 

Moderator-tank outlet tempera- 190 
ture, °F 

Design temperature, °F 250 

Total flow rate, lb/hr 4,350,000 

System design pressure, psig 150 

Blanket gas Helium 

Materials in contact with S.S., Zircaloy 
moderator 

Total inventory, Ib 519,000 

Makeup, lb/year 5000 

Cooling arrangement Nonregenerative 


of the philosophy behind the thermal breeder 
reactor. The reactors that are discussed are 
D,O-moderated and D,O-cooled machines fueled 
with the coaxial fuel elements of either metal 
or oxide, clad in a zirconium alloy.® A brief 
description of the preliminary designs is given 
in Table IX-7. The thorium-fueled reactor has 
a number of somewhat unusual features. An 
outer ring of pressure tubes is placed in the 
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Fig. IX-4 Reactor plant elevation.” 


reflector region to serve as a converter blanket 
and is fueled with thorium containing, initially, 


excellent conservation of fuel resources while re- 
taining those features of D,O reactors that are 


essential to low-cost power generation in the near 
future, It will be shown that the breeding gain in 
any of the D,O systems considered is too small to 


no fissile isotope. Short elements of uranium- 
free thorium also are placed at the top and 
bottom of the fuel column in the axial reflector 


region, and some of the control rods are 
fabricated of thorium. 


The following quotation’ serves to highlight 
the discussion presented in Ref. 4 on breeding 
in thermal reactors: 


In considerations of breeding in thermal reactors 
with the thorium-7"9U fuel cycle, a clear distinction 
must be made asto the significance of the following 
four factors: breeding ratio, doubling time, con- 
servation of fuel resources, and fuel economics. A 
high breeding ratio is of value only if it leads to a 
short doubling time; a short doubling time serves 
little purpose if it does not conserve fuel resources; 
and fuel conservation itself is of questionable value 
unless for some postulated set of economic condi- 
tions this conservation leads to lower fuel cycle 
costs. 

The D,O0-moderated thermal breeders discussed 
in this report are based on consideration of all four 
of these factors. The reactors do not represent the 
maximum possible breeding ratio or the minimum 
doubling time achievable with solid-fueled D,O re- 
actors. Instead, they represent a judgment of the 
compromises that will be necessary to achieve 


be an important factor in fuel cycle costs during 
the next 50 years or so. 


A fixed-fuel reactor employing thorium as the 
fertile material suffers from the immobility of 
?33Da which may absorb neutrons prior to decay 
to 233U, This has ledto reactor concepts in which 
the thorium would be placed ina“blanket” where 
a low neutron flux would minimize °% Pa losses. 
This principle is employed to some extentinthe 
design shown in Table IX-7, but its use is 
limited by the economic disadvantages of devot- 
ing D,O moderator and reactor volume to blanket 
functions, or even to power-producing functions 
when the specific power is low. Also, resonance 
absorption in 233U causes significant reductions 
in eta and the breeding ratio.’ Consequently the 
highest breeding ratios are apt to be obtained 
with moderator/fuel ratios higher than those 
which currently give the best economic per- 
formance. Taken together, these reasons have 
led the authors of Ref. 4 to deemphasize breed- 
ing and to emphasize low inventory and long 
fuel life, at least for the near future. 


408 POWER REACTOR TECHNOLOGY Vol. 7, No 4 


Table IX-§ COMPARATIVE DESIGN DATA FOR THE 
HEAVY-WATER-MODERATED ORGANIC-COOLED 
REACTOR: ENRICHED-FUEL DESIGN 





XAP- 
Aso Gross power, Mw(t) 1550 
Total D,O inventory, metric tons 235 
ZrO2 Maximum heat flux, Btu/(hr)(sq ft) 352, 5:5 
Uranium inventory, metric tons 98.7 
Average specific power, Mw(t)/metric ton of U 15.7 
No. of pressure tubes 600 
U02 Average power/pressure tube, Mw (t) 2.6 
00275-in- . I l 
Square The following reactor system is postulated 
Wire Spacer for the orderly development of D,O-thorium 
breeders:* 
Until 1975, all new reactors are H,O converter: 
3 l with Pu recycle, 
16 xO.015-in- From 1975 to 1985, all new reactors are D.. 
6 2 
Thick SS. Bond converters operating on uranium fuel with P. 


recycle. 

In the years 1985 to 2000, all new reactors are 
D,O-thorium reactors with a conversion ratio o: 
1.00. The old D,O converter reactors remain or. 
uranium fuel with Pu recycle. 

S X. YC After the year 2000, all new reactors are D,0- 
x) ~ Ja 0.513 OD x 0.016-in. thorium breeders, with an effective breeding rat:: 
®. Wall (including reprocessing losses) of 1.05. This breec- 

ing ratio leads to a doubling time of 32 years, which 


will meet the estimated growth of nuclear power 
beyond the year 2030. 





0.313 OD x 0.010-in. 
Woll 


In Fig. IX-6 are shown the uranium and thorium 
requirements for the above system (termed 
“D,O-thorium” in the figure) and for three other 
systems that were postulated and discussed ina 
previous article in Power Reactor Technolog.. 
6(4). Subject to the assumptions used in deriving 
Fig. IX-5 Perspective and cross-sectional view of the data shown in Fig. IX-6, it is evident that 
37-rod fuel element.? the D,O-thorium system will be more conserva- 





Table IX-6 OHWR TOTAL-ENERGY-GENERATION COST SUMMARY? 
(Costs Are in Mills/kw-hr at 90% Plant Factor) 


Natural fuel Enriched fuel 


with private Government Private 
ownership ownership ownership 
Capital 2.99 2.99 2.99 
Amortization of initial core 
fuel and fabrication 0.23 0.20 0.25 
Fuel cycle 1.88 0.77 0.72 
Heavy water (at $24.50/1b) 
Amortization charge 0.43 0.43 0.43 
Losses (1% of inventory) 0.03 0.03 0.03 
Organic makeup 0.12 0.12 0.12 
Operation and maintenance 0.36 0.36 0.36 
Nuclear liability insurance 0.08 0.08 0.08 





Total 6.12 4.98 4.98 
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Table IX-7 DESCRIPTION OF 1000-Mw(e) PRELIMINARY 
DESIGNS OF D,O-MODERATED POWER REACTORS‘ 


Fuel UO, Th metal 
Initial enrichment, wt.% 1.2 ÊU) 1.5 (uy) 
Reactor coolant Liquid D,O Liquid D,O 
Lattice pitch, in. 10 10 
No. of fuel positions 489 678 
Core radius, ft 10.8 12.6 
Core length, ft 15 15 
Coolant inlet temp., °C 264 264 
Coolant outlet temp., °C 304 304 
Maximum heat flux, 

peu/(hr)(sq ft) 434,000 340,000 
No. of coolant loops 8 8 
Throttle steam pressure 

(saturated), psia 495 500 
Net plant efficiency, % 26.7 26.1 
Net power production, Mw(e) 1000 981 
D20 inventory, tons 660 872 
Thorium or uranium in- 

ventory, metric tons 64.5 103 
2334 or P'U inventory, kg 765 1540 


tive of uranium resources for the next century 
than will the other systems. 


Fuel-cycle cost data are given in Table IX-8. 
In any of the cases estimated, it appears that 
breeding is a relatively small economic factor 
in fuel-cycle costs and that an attractive way to 
reduce near-term costs is to increase the ex- 
posure in the thorium fuel even at the expense 
of reduced conversion ratios. Itis also indicated 
that thorium-fueled D,O reactors still have an 
attractive fuel-cycle cost even if the cost of 
natural uranium should increase to $100 per 
kilogram. The use of uranium in the thorium 
fuel cycles having breeding ratios of 1.00 or 
greater is not obvious from Table IX-8, but the 
uranium is used as a source of SU for startup 
of the fuel cycle. As the cost of uranium in- 
creases to a high value, the inventory charge 
for the uranium becomes the major component 
of the fuel-cycle cost. 


The breeding potential of thermal reactors 
fueled with plutonium is described in Ref. 5. 
The reference, primarily the result ofa physics 
study, considers the breeding ratio in infinite 
homogeneous systems, presents a conceptual 
design for a plutonium-fueled D,O-moderated 
thermal power reactor, and treats the buildup 
of higher plutonium isotopes and their effect on 
conversion ratios. The details of the various 
calculational procedures will not be discussed 
here; however, they would be of interest to the 
specialist. The author considers D,O-, H,O-, 
@raphite-, and beryllium-moderated reactors 
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and concludes that heavy water is the most 
desirable moderator and that it is essential to 
keep the moderator at a low temperature. The 
moderator temperature and resulting neutron 
temperature have a large effect on the value of 
eta of plutonium. Figure IX-7 gives 7 asa func- 
tion of moderator temperature for two different 
values of moderating power per plutonium atom. 
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Fig. IX-6 Uranium and thorium requirements for 


the D,O-moderated power reactors through.2030 A.D. 
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Table IX-8 ESTIMATED FUEL-CYCLE COSTS FOR D,O REACTORS! 





Fuel 
Equivalent breeding ratio* 
Uranium cost, $/kg of uranium 
Thorium cost, $/kg of thorium 
Exposure, 103 Mwd/metric ton 
Costs, $/kg of fuel 

Fabrication 

Shipping 

Reprocessing 

Burnup or credit 


Subtotal, $/kg 
Subtotal, mill/kw-hrf 


Uranium inventory charge, mills/kw-hrt,§ 
Thorium ínventory charge, mill/kw-hrt 


Total, mills/kw-hr 


UO, 
13 


14 


49 


73 
0.81 


0.05 
0 


0.86 


Current costs Future costs 





Th Th Th Th Th Th 
100 1.05 1.00 100 1.05 1.00 
13 13 13 100 100 100 
20 20 20 20 20 20 
15 15 30 15 15 30 
30 30 30 30 30 30 

5 5 5 5 5 5 

35 35 35 10 10 10 

0 —3.6¢ O 0 -—27t 0 

70 66 70 45 18 45 
0.74 0.70 0.37 0.48 0.19 0.24 
0.15 0.15 0.15 1.12 1.12 1.12 
0.05 0.05 0.05 0.05 0.05 0.05 
0.94 0.90 0.57 165 1.36 1.41 





*Includes allowance for reprocessing and refabrication losses; ‘‘equivalent breeding ratio’’ equals 


breeding ratio in reactor — 0.01. 


tAt net thermal efficiencies shown in Table [X-7. 

tAt a charge rate of 10% per year; total inventory assumed 50% greater than reactor inventory. 

8It is assumed that 233U is worth only the cost of the natural uranium required to produce it and 
that 3 kg of 233) can be obtained from 1 metric ton of mined uranium. 


€ >s /Npu = O 


£€Xs/Npu= O4 





0.8 1.2 1.6 2.0 
Tmod (Units of 293.6° K) 
Fig. IX-7 Effect of moderator temperature on ther- 


mal average value of eta of 239pu (heavy-water mod- 
erator). 


Since moderator temperatures of the order of 
room temperature are indicated, the author con- 
cludes that the reactor shouldbe a heterogeneous 
one of the pressure-tube type. 


The limiting value of the attainable breeding 
ratio is given by 


ne —1 


where 7) is the number of neutrons produced per 
neutron absorbed in the fuel and € is the fast 
fission factor, including (7,27) reactions. It is 
shown’ that values of epsilon approaching 1.1 
are necessary to obtain high conversion ratios 
in the plutonium-fueled thermal reactors and 
that these values are obtained only with close- 
packed large-diameter clusters of metallic 
(uranium-plutonium) fuel elements. The use of 
oxides reduces epsilon considerably. The use of 
large-diameter fuel clusters is reconciled with 
the usual heat-transfer requirement of large 
surface areas by conceiving the rod bundle as 3 
cluster of at least 91 fuel rods, each having a 
diameter of about 0.4 in. Plutonium-bearing fue! 
elements were discussed in Sec. IV of Pou. 
Reactor Technology, (2), and although th 
uranium-plutonium type elements have nt 
undergone extensive experimentation, the ex- 
perience to date has been mixed. 

The coolants considered in the study were 
D,O, helium, and steam, and Table IX-9 sum- 
marizes the conversion ratios calculated to t< 
attainable in these reactors. The choice « 
beryllium as a pressure-tube material has 
quite an effect on Ahe attainable conversior 
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Table IX-9 ESTIMATES OF FINAL CONVERSION RATIOS IN URANIUM-PLUTONIUM HEAVY-WATER SYSTEMS’ 


(Beryllium Pressure Tubes, Zircaloy-2 Cladding) 


Initial Operating Final 

conversion conversion conversion 
Type ratio ratio ratio 
D,O coolant 1.0415 0.9784 0.9184 
Steam coolant 1.0645 1.0014 0.9414 
Helium coolant 1.0439 0.9808 0.9208 


ratios, since they would decrease about 8% if 
Zircaloy-2 were employed. Beryllium cladding, 
in the case of the helium-cooled reactor, would 
increase the initial conversion ratio about 5% 
over the data shown in Table IX-9. If allow- 
ances were made for such items as leakage, 
extra parasitic absorption, and control require- 
ments, the author concludes that reactors could 
be designed to yield conversion ratios of about 
0.90. 


Pressurized-Water 
Reactors: Chemical Shim 


The use of soluble neutron absorber in the 
primary coolant system seems destined to play 
an increasing role in the control of reactivity 
in pressurized-water reactors. Although first 
used aS an emergency shutdown measure to 
“back up” the control-rod system in water- 
moderated reactors, the soluble-absorber con- 
cept was extended, in the Yankee reactor de- 
sign, to provide the normal cold shutdown 
margin. Because of a number of uncertainties 
about its behavior under conditions of power 
operation, dissolved absorber has up to now 
been restricted to use for shutdown in routine 
applications; it has, however, been used at full 
power during relatively short tests in the 
BORAX-II, BORAX-I0, EBWR, and Yankee re- 
actors. Also, it has been in use during several 
months of power operation inthe Saxton reactor. 
The potential advantages for reactivity shimming 
by dissolved absorber under power are such 
that an extensive development effort has been 
directed toward that end. The application poses 
safety questions that have been investigated 
generally and in sample reactor designs. These 
questions will have to be answered specifically 
for any reactor intended for operation with 
dissolved absorber. It seems highly probable 


Specific power, Channel Pumping power, 
Mw/kg of plutonium power, % of channel 
(central channel) Mw (e) electric power 
5.5 2.87 1.74 
0.83 0.277 12.0 
1.74 0.59 8.5 


that this will be done and that reactivity control 
by dissolved absorber, otherwise known as 
chemical shim, will come into general use for 
pressurized-water reactors. 


The main development effort on chemical 
shim has been made at the Westinghouse 
Atomic Power Department (WAPD), under AEC 
contract, as part of the AEC’s Large Reactor 
Development Program. A survey paper on the 
subject was published in a recent issue of 
Nucleonics.' This, and a number of topical 
reports that have become available from the 
WAPD project, forms the basis for the review 
that follows. The review is restricted to the 
application and behavior of the chemical-shim 
system in the operating reactor, and it will not 
consider related plant-design questions, such as 
methods of fuel handling for a reactor that 
depends on dissolved absorber for shutdown. 

The direct advantage of chemical shim is the 
reduction of the number and size of control 
rods required for the reactor installation. Al- 
though this effect is desirable in itself, the 
more important result is the improvement in 
spatial distribution of power (and hence in 
average power density in the core) that can be 
realized by minimizing the number and size of 
control rods in the core. The totalimprovement 
may be made up of several increments, but the 
main opportunity for improvement arises be- 
cause a change in the concentration of dissolved 
absorber does not strongly affect the spatial 
power distribution, whereas a change in the 
number of control rods inserted, or in the 
depth of insertion of a bank of control rods, 
may influence the distribution profoundly. To 
realize the importance of this effect, one must 
consider the power distribution over the entire 
life of the core rather than at some particular 
instant in the life. In designing a control-rod 
installation, the designer can usually achieve a 
rather favorable power distribution for one 
particular condition of reactivity. by utilizing 
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those control rods which must be in the core to 
flatten the distribution. Inevitably, however, the 
control rods must be moved as the reactivity 
changes (because offuelburnup or other effects), 
and the power distribution then becomes less 
favorable. If, instead of control rods, dissolved 
absorber is used to compensate for reactivity 
changes, the initial flattening of the power 
distribution can be accomplished by spatial 
variations in fuel enrichment or by other 
permanently installed spatial variations of core 
composition. Since the concentration of dissolved 
absorber is changed during reactor operation to 
compensate reactivity changes, the effect on 
power distribution is relatively small because 
the change in concentration is distributed uni- 
formly over the core volume, and the initial 
favorable power distribution is preserved rea- 
sonably well. 

At the present time, at least, the complete 
replacement of control rods by dissolved ab- 
sorber is not contemplated. The rapid-scram 
requirement cannot easily be met by a soluble 
absorber system. At this time it does not seem 
desirable to make rather frequent large changes 
in the dissolved absorber concentration, as 
would be necessary, for example, if it were 
used to compensate the reactivity changes 
associated with power changes. The optimum 
division of the control function between control 
rods and soluble absorber will no doubt vary 
from one reactor design to another. The ques- 
tion is discussed later in this review, but at this 
point, for purposes of orientation, the system 
described in Ref. 8 may be considered briefly. 
That system, which probably represents about 
the minimum use of control rods likely in the 
near future, incorporates rods for the dual pur- 
pose of covering the power defect and the power 
maneuvering requirements and of providing 
rapid power-reduction capability. The required 
reactivity capability of the rod installation for 
these purposes is estimated to be 4.4% k s. An 
installation of 24 cruciform rods in the 8-ft- 
diameter core is calculated to provide this 
strength with a stuck-rod margin of 1 rod; the 
total worth of the 24-rod installation is 6.6% 
k. The installation in the core is illustrated 
in Fig. IX-8. The soluble absorber shown in the 
figure (2000 ppm boron) has a reactivity worth? 
of 14 to 15% k, at room temperature and a 
worth of 18 to 19% k. at 522°F. 

In the following sections some of the specific 
characteristics and problems of the chemical- 
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Fig. IX-8 Quarter-core diagram of control-rod :"- 


stallation in a reactor utilizing chemical shim.® T:< 
core, fueled with UO, clad in stainless steel, is ::- 
tended for an output of 825 Mwi(t). Its effective diar- 
eter is 98 in., and its height is 105 in. The equivale : 
H,O/uranium volume ratio at room temperature .: 
3.34, 

The solid cruciforms represent absorbing contr | 
rods, and the open cruciforms represent fueled ‘‘::\: 
followers,’’ fueled with UO, of 2.73% enrichment. I. 
absorbing control rods have a total worth of 6.6%. 
the hot reactor. The calculation is made for the cas 
of 2000 ppm of dissolved boron in the water; unc: 
this condition ¿rí for the hot, rodded core is 0.975. 


shim concept are discussed at greater length. 
under appropriate headings. 


Reactor Physics Effects 


The most obvious question related to tb 
reactor physics of chemical shim is how much 
dissolved absorber may be required to com- 
pensate a given excess reactivity. The major 
variables affecting this relation are the water 
fuel ratio of the core, the fuel enrichment, an‘ 
the reactor temperature. Calculations for thre« 
representative cores for large pressurized- 
water reactors are given in Ref. 9; the pertinent 
characteristics of these cores are Summarized 
in Table IX-10. Figure IX-9 shows the calculate: 
reactivity worth of the dissolved absorber (nt- 
ural boron) as a function of the absorber con- 
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Table IX-10 CHARACTERISTICS OF PRESSURIZED- 
WATER REACTOR CORES USED IN ANALYSIS OF 
DISSOLVED-BORON REACTIVITY EFFECTS? 





Core 1 Core 2 Core 3 

Vater/UO, volume ratio 

(68°F) 1.7:1 1.7:1 1.4:1 
Vater/U* volume ratio 

(68°F) 3.4:1 3.431 2.931 
35U enrichment, wt.%t 

Inner 2.56 2.94 2.94 

Middle 2.93 3.36 3.36 

Outer 3.66 4.20 4,20 

Average 3.05 3.50 3.50 
Tuel-rod pitch, in. 0.553 0.553 0.554 
Pellet diameter, in. 0.375 0.375 0.393 
~ladding thickness, in. 0.015 0.015 0.015 
\Iaterial volume fractionst{ 

(68°F) 

UO, 0.33590 0.33590 0.36866 

304 stainless steel 0.08612 0.08612 0.09138 

H,O 0.56412 0.56412 0.52325 

Void 0.01386 0.01386 0.01671 
Core height, ft 8.5 8.5 8.5 
Core diameter, ft 8.1 8.1 8.1 
Extrapolation distance, cm 7.5 7.5 7.5 
Thickness of steel baffle 

around core, in. 0.6 0.6 0.6 
H,O reflector thickness, in. 4 4 4 


*It is assumed that ppo = 1.0 g/cm? and py = 18.7 g/cm, 

7 Each core has three radial zones of enrichment, of equal 
volumes. The enrichments in the inner, middle, and outer 
zones are in the ratios 7:8:10. 

t This includes structure and additional water associated 
with typical cores. 


centration in the coolant-moderator. Curves 
are given for the three reactors of Table IX- 
10, at room temperature and at operating 
temperature. 

The curves in Fig. IX-9 illustrate some ef- 
fects besides the obvious relation between boron 
content and reactivity. It is clear, for example, 
that the effectiveness of the boron decreases 
slightly as the fuel enrichment is increased. 
This is to be expected because the more highly 
enriched fuel competes more favorably against 
the boron for the absorption of neutrons. A 
larger effect, however, is the effect of water/ 
fuel ratio. The “wetter” core (No. 2) is affected 
considerably more than the “drier” core (No. 3) 
by a given concentration of boron in the water. 
The major part of this effect is due to the 
simple fact that a given concentration repre- 
sents a greater total amount of boron in the 
wetter core. 

Since the amount of boron in the core is 
proportional to the amount of water in the core 
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(for a given boron concentration), itis clear that 
the thermal expansion of water which accom- 
panies a rise in temperature will remove some 
boron from the core. This effect gives rise toa 
positive component of the temperature coeffi- 
cient of reactivity in cores utilizing soluble 
absorber. The effect is apparent in Fig. IX-9, 
since the curves for 522°F lie well below the 
curves for 68°F. In reactor 3, for example, 
the reactivity effect of 2000 ppm of boron at 
68°F is 15.8% k., whereas the effect of the 
same concentration at 522°F is only 12.3% k.,,. 
The positive component of the coefficient in- 
creases with the concentration of dissolved 
absorber and places a limit on the amount of 
dissolved absorber that may be used without 
encountering a net positive temperature coeffi- 
cient of reactivity. This limiting concentration 
of dissolved absorber depends on the reactor 
temperature, the enrichment, andthe fuel/water 
ratio. However, the two latter variables do not 
affect strongly the positive-coefficient limit on 
the amount of reactivity that canbe compensated 
by dissolved absorber. The latter point is 
illustrated by Fig. [X-10, which, for two dif- 
ferent reactors, shows little difference in the 
value of “cumulative boron worth” at which the 
temperature coefficient of reactivity changes 
sign. The operating temperature, on the other 
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Fig. IX-9 Calculated reactivity worth of dissolved 
natural boron in three pressurized-water reactors.’ 
The reactors are those described in Table IX-10. 
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Fig. IX-10 Variation of moderator-temperature co- 
efficient of reactivity with cumulative reactivity 
worth of dissolved boron in pressurized-water reac- 
tors.’ The characteristics of the two reactors con- 
sidered are given in Table IX-10. 

Although the two reactors differ considerably in 
the reactivity effect of a given concentration of boron 
(see Fig. IX-9), their temperature coefficients of 
reactivity do not differ much if both have the same 
amount of reactivity compensated by dissolved boron. 


hand, has a large effect. Figures [X-9 and IX-10 
indicate that substantial reactivity compensation 
can be accomplished with soluble poison over a 
wide range of reactor-design variables without 
encountering the undesirable condition of a 
positive temperature (or void) coefficient of 
reactivity. The dissolved absorber will, how- 
ever, reduce the value of the negative tempera- 
ture coefficient as well as the temperature 
defect of reactivity from room temperature to 
operating temperature. These changes may 
affect the details of the reactor control system. 

The degree of improvement in power dis- 
tribution which can be achieved by the use of 
chemical shim depends on the specific reactor 
design and on the degree of design refinement 
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which the designer is willing to invest in it: 
the sake of a good power distribution. Thes: 


considerations apply whether the reactor = 


controlled by chemical shim or by some cor- 
peting reactivity-control method. As an examp!- 
of the improvement achievable with chemicz 
shim, Ref. 7 compares a rod-controlled cas: 
with an otherwise identical case in which chemi- 
cal shim is used. The rod-controlled core :s 
reported to have a maximum/average power- 
density ratio of 2.5, which is said to be 50 
higher than the ratio for the chemical-shir 
case. This implies a maximum/average rat: 
of 1.67 for the latter. Even the ratio for tè: 
rod-controlled case is considerably lower tha: 
the design ratios attained in current practice. 
Apparently the ratios quoted are not intended to 
be the worst that might occur over the core 
lifetime but are simply comparative values 
for cases in which there are no partially 
inserted control rods— hence the quite low 
axial maximum/average ratios. The low ratios 
are also due partly to a radially zoned fue! 
loading, with fuel of three different enrichments. 
and apparently also to the assumption of fueled 
followers on the control rods which virtually 
eliminate the local power peaking in fuel ele- 
ments adjacent to control-rod channels. Fueled 
followers for cruciform rods are not used in 
current design practice, but presumably ther 
can be developed. 


Pending the adoption of fueled control-rod 
followers or other methods of dealing with the 
power peaking introduced by water channels, 
it is interesting to see whether the chemical 
shim itself will reduce this local peaking effect 
because of the additional neutron absorption 
that it introduces in the water. It is indicated 
in Ref. 10 that there is a significant, but not 
large, improvement. Theoretical and experi- 
mental investigations of power peaking in fuel 
elements adjacent to representative water chan- 
nels are reported in terms of a relative power- 
peaking factor.’® This factor is the ratio of the 
local power density near a perturbation of the 
core composition (such as a water channel) to 
the power density that would exist at the same 
position if the composition were locally uni- 
form. Typically, the relative peaking factor with 
970 ppm of natural boron in the water was 97 
to 98% of the factor when no boron was present 
(e.g., a peaking factor of 1.24 was reduced to 
1.20 by the boron). Also investigated in the 
analysis was the effect of increased water 





‘all 1964 


emperature on the peaking factor. In the no- 
)Oron case, the peaking factors at 543°F ranged 
rom 94 to 96% of those at room temperature. 


AS previously mentioned, control rods are to 
>e used in conjunction with chemical-shim 
>Ontrol, and part of this complement of control 
-ods will remain in the core during normal 
»peration, If the rods are partially inserted 
-rom one end of the core, they will produce a 
Significant distortion of the axial power dis- 
-ribution, even though the total inserted worth 
may be relatively small. Figure [X-11, from 
Ref. 11, is a very instructive diagram that 
illustrates the effects of partially inserted 
control-rod banks in large water-moderated 
cores, regardless of whether chemical shim 
is employed in addition to the control rods. 
When a control rod, or a control-rod bank, is 
partially inserted from one end of the core, it 
skews the axial power distribution, causing the 
Sosition of maximum power density to shift 
from the center plane of the core to a position 
farther from the end at which the rods enter. 
This skewing affects the axial maximum/average 
ratio, and its severity is, of course, dependent 
on the reactivity worth of the partially inserted 
control-rod bank. The solid curves in Fig. IX-11 
show the calculated axial maximum/average 
ratio as a function of the degree of withdrawal 
of the control-rod bank for rod banks of dif- 
ferent total worths. Also shown are lines of 
constant inserted worth. These lines define the 
depth of insertion that must be used with the 
various control-rod banks to compensate for a 
specified amount of reactivity. The figure also 
shows lines of constant differential worth, i.e., 
the amount of reactivity change represented by 
a l-in. change in rod-bank withdrawal. For a 
particular installation, the requirements of the 
control system may set lower limits on boththe 
inserted worth and the differential worth of the 
partially inserted rod bank when it is at the 
position corresponding to normal reactor opera- 
tion. Figure IX-11 would indicate that, if the 
differential worth requirement is the more 
important one, a more favorable power dis- 
tribution can be obtained by employing a rod 
bank of relatively high total worth, whereas, if 
the inserted-worth requirement is the more 
important one, a more favorable power dis- 
tribution may be obtained by use of a bank of 
relatively low total worth. It is understood, of 
course, that the designer has a good deal of 
flexibility in the selection of the worth of the 
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partially inserted rod bank, regardless of the 
total worth of the complete control-rod installa- 
tion; i.e., he can divide the total complement of 
control rods into a number of banks and with- 
draw one bank at a time in Sequence. When this 
is done, the radial power distribution will also be 
affected if any one or more of the banks of rods 
is fully inserted under the condition of interest. 


A further significant point brought out in 
Ref, 11 is that a very substantial difference may 
exist, in a large pressurized-water reactor, 
between the axial power distributions at full 
power and zero power. The major source ofthis 
difference is the Doppler effect in the oxide 
fuel, which causes a larger reactivity loss in 
the hotter fuel, i.e., in the fuel with the higher 
power density, and therefore tends to flatten 
the power distribution. Additional, but smaller, 
effects are present because of the slight varia- 
tion in equilibrium xenon poisoning with power 
density and possibly because of the effect of the 
water temperature rise intraversing the coolant 
channels (the latter effect is not mentioned in 
Ref. 11). Shown in Fig. [X-12 are the calculated 
axial power distributions for the zero-power 
case and the full-power case. Because of the 
relatively long thermal time constant of the 
fuel elements, the changes in power distribution 
do not immediately follow the changes in fission 
power level,'! 


Control Requirements and Characteristics 


The various requirements for control rods in 
a chemical-shim reactor, in which the adjust- 
ment of dissolved absorber is done relatively 
slowly, are discussed in Ref. 8. The estimated 
ranges for various requirements are given in 
Table IX-11, as well as the requirements for a 
“reference” core. This reference core, which 
was mentioned in a previous paragraph, has a 
rod installation that provides 4.4% reactivity 
worth plus a stuck-rod margin. The various 
items listed in Table [X-11 are defined below. 


Hot-to-Power Reactivity Swing. This reactivity 
component is often referred to as the power defect of 
reactivity and isthe amount of reactivity that must be 
added to raise the reactor power from the hot zero- 
power conditionto full operating power. It is assumed 
that the power increase takes place over a period of 
time that is long relative tothe thermal time constant 
of the fuel, but short relative to the xenon half-life. 
In the reactors considered here, the power defect is 
due almost entirely to the Doppler effect. 
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Fig. IX-11 Effect of reactivity worth and depth of insertion of control bank on axial maximum/ 
average power-density ratio.!! Four different rod banks are considered separately, each composed 
of unspecified numbers of control rods but worth 1, 2, 3, and 4%&k.,,, respectively. Each solid curve 
shows the variation of the axial maximum/average ratio as one of the banks is withdrawn progres- 
sively from the core. When the bank is either fully inserted or fully withdrawn, it has a negligible 
effect on the ratio, which then has the value 1.35 for the particular reactor considered. When a bank 
is withdrawn only slightly, it decreases the maximum/average ratio slightly, for the beneficial effect 
of increasing the relative reactivity near one end of the core is more important thanthe accompany- 
ing adverse asymmetry effect. For larger degrees of withdrawal the asymmetry effect becomes 
large, and there is a strong concentration of power in the unrodded end of the core and a large in- 
crease in the maximum /average ratio. The effect increases greatly as the reactivity work of the 
partially inserted rod bank is increased. 

The broken lines on the plot are loci of equal reactivity worth of the inserted portions of the 
partially inserted rod banks. The dashed lines are loci of equal differential worths of the partially 
inserted rod banks. The differential worth is the reactivity change produced by a l-in. change in the 
position of the partially inserted bank. 

The curves shown are qualitatively representative for any large reactor. The quantitative rela- 
tions will vary greatly with individual core characteristics and especially with the length of the core 
as measured in neutron-migration lengths; the effects of partially inserted rods on peaking factors 
will increase as the core becomes longer, 

The above curves were computed for a pressurized-water reactor with stainless-steel-clad UO, 
fuel rods, under full-power operation at a temperature of 543°F. The enrichment was 3.25 wt.& na UD 
the ratio of water to equivalent uranium metal was 3.4 at room temperature, and the active core 
length was 104.6 in. The thick axial reflectors were ot water containing some structural material. 
The average power density corresponds to a total power of 825 Mw(t) from a core of about 8.1 ft 
diameter. 
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ig. IX-12 Axial maximum/average power-density 
atios as functions of partial rod-bank insertion, at 
ill power and zero power.'! The reactor considered 
s the same as that of Fig. X-11, and the solid curves 
re the same as in Fig. [X-11. The dashed curves 
how the maximum/average ratios for the same 
eactor at zero power, with all other conditions the 
ame. 


Control-Rod ‘‘Bite.’’ As illustrated in Fig. IX-11, 
he differential worth of a control rod or a control- 
‘od bank is small unless the bank is inserted to some 
‘ubstantial depth inthe reactor core. The control-rod 
ite refers to the amount of reactivity that must be 
‘ompensated by the partially inserted rod bank in 
rder that its differential worth may be great enough 
ocope with the expected rates ot change of reactivity. 

Control-Rod Dead Band. This item might be called, 
nore appropriately, the chemical-shim dead band. It 
s the range of mismatch that is allowed between the 
nominal reactivity compensation by the chemical- 
shim system and the actual compensation. A dead 
and of 0.35% kg in the reference reactor, corre- 
sponds to about 50 ppm of boron or a temperature 
change of approximately 15°F. 

Void Content. The void content corresponds to a 
small amount of statistical boiling which might be 
allowed inthe pressurized-water reactors. The reac- 
tivity change of 0.05% indicated for the reference 
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core corresponds to about one-third of 1% of void in 
the core. 

Concurrent Reactivity Insertion. This component 
of control-rod worth is provided to compensate any 
accidental reactivity insertion or combination of con- 
current insertions that may be conceivable. The 0.8% 
reactivity estimated for this contingency inthe refer- 
ence core is considered to be made up of 0.4% due to 
the sudden opening of a loop containing an inadequate 
amount of boron, plus 0.4% due to the release of 
plated-out boron from the core. 

Power Shaping. This adjustable reactivity com- 
ponent would be used for any shimming of the power 
distribution which might be done by means of control 
rods. 

Variable Temperature Control. This adjustable 
reactivity component would be needed if it were de- 
Sirable to increase the average coolant temperature 
as power level is increased. 

Equilibrium Xenon. Unless the reactor is used 
Strictly as a base-load plant, it is questionable 
whether it would be desirable to control the changes 
in xenon poisoning by chemical shim, If this were not 
done, control rods would have to be provided to con- 
trol all or part of the equilibrium xenon and possibly 
some transient xenon. 

Shutdown Margin. The shutdown margin considered 
in Table IX-11 includes only that amount of reactivity 
reduction which is required to reduce the power level 
at a sufficiently high rate in the event of scram —the 
stuck-rod margin is considered as a separate item, 
outside the scope of the table. In Ref. 8 it is pointed 
out that a shutdown margin, in addition to the reac- 


Table IX-11 REACTIVITY CONTROL REQUIREMENTS 
FOR A CHEMICAL-SHIM CORE’ 


Ak, % 
Approximate Reference 

Control requirements range core 
Hot-to-power component 1.5 to 2.5 2.0 
Control-rod bite 0.4 to 0.6 0.5 
Control-rod dead band 0.3 to 0.4 0.35 
Void content 0 to 0.1 0.05 
Concurrent reactivity 

insertion 0.4 to 2.6 0.8 
Power shaping 0 to 2.0 0 
Variable temperature 

control 0 to 1.5 0 
Equilibrium xenon 0 to 3.0 0 
Shutdown margin 0 to 2.0 0 

Total 2.6 to 14.7 3.7% 


*The actual control-rod specification for the ‘‘reference’’ 
case was arrived at by increasing this value 20%, to a total 
of 4.4% Ak to account for uncertainties and assumptions in 
the analysis. These include loss in rod worth because of 
the change in core spectrum with lifetime, power redis- 
tribution during lifetime, depletion of poison material in the 
control rod, and possible error in rod-worth calculations: 
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tivity compensation corresponding to the power de- 
fect, may not be necessary because of the rather long 
thermal time constant of the oxide fuel elements. If 
we visualize the rapid scram, from full-power opera- 
tion, of a number of control rods corresponding to the 
power defect, it is clear that momentarily the reactor 
will be subcritical by an amount nearly equal to the 
power defect. During the time (a few seconds) re- 
quired for the fuel elements to cool down enough to 
make the reactor nearly critical again, the power will 
have decayed substantially. 


In the specific case of the reference core 
described in Table IX-11, the situation during 
full-power operation would presumably be as 
follows. The control rods would normally be 
partially inserted, as a bank, to a depth such 
that the inserted worth of the bank is about 
0.68% k.. This would correspond to the control- 
rod bite plus about half of the deadband. At this 
point (if the stuck-rod margin is ignored) the 
remaining worth of the bank, available on full 
insertion, would amount to about 3.02%, the hot- 
to-power component plus the components for 
concurrent reactivity insertion and void content 
plus about half the dead band. There would be 
no shutdown margin if the need for shutdown 
should occur at a time when a rod is stuck and 
the rods happen to be operating at the high- 
reactivity end of the dead band and concurrent 
reactivity insertions have occurred to use up 
all the 0.8% rod worth provided for that even- 
tuality. From the power-distribution angle, itis 
important to note that, although a total rod 
worth of 4.4% is provided, only about 0.7% k.t 
remains in the core under full-power operation 
(compare Fig. IX-11). 

A study is reported in Ref. 12 on the effec- 
tiveness of control-rod scram in a chemical- 
shim reactor. The accidents considered were 
initiated by various accidental reactivity in- 
sertions by the control rods and by assumed 
breaks in the Secondary steam line which would 
add reactivity by lowering the temperature of 
the primary circuit water. The power transients 
were terminated by the normal scram system, 
initiated either by overpower or low-pressure 
Signals. The capability of the scram system 
was assumed to be a reactivity worth of 2.15%, 
inserted completely in 1.5 sec after initiation 
of the scram. This worth is stated to represent 
the conservative limit for the minimum absolute 
scram worth from full power, to be available at 
any time during core life. It is not clear from 
the reference whether the study is intended to 
be consistent, in detail, with the reference core 
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of Table IX-11; but it would be consistent if the 
scram were assumed to occur whenthe control- 
rod bank is near the outer limit of the dead 
band. 

The very large reduction in the moderator 
temperature coefficient of reactivity which re- 
sults from the use of dissolved absorber rep- 
resents a striking departure from the behavior 
that has characterized past pressurized-water 
reactors. In the past the strong temperature co- 
efficient of reactivity, which produces a high de- 
gree of automatic load matching in pressurized- 
water systems, has been utilized to simplify 
certain features of the overall plant-control 
system. Some departures from these estab- 
lished practices will no doubt be necessary 
when chemical shim is used, and, in addition. 
the situation may be complicated by the rather 
large change in temperature coefficient that 
will occur over the core lifetime as the amount 
of dissolved absorber is changed. Although 
these considerations may dictate new approaches 
to plant control, it is unlikely that they will 
present feasibility problems. Some of these 
questions are considered in Ref. 12. 


Water Chemistry 


The work at WAPD has confirmed the choice 
of boric acid, arrived at earlier in investiga- 
tions at the Argonne National Laboratory,'® as 
the best available soluble absorber for chemical- 
shim use. References 13 to 19 cover various 
aspects of the behavior of boric acid solutions 
in the reactor environment and its effects on 
such important processes as corrosion and the 
deposition of corrosion products. These re- 
ports cover literature research, laboratory 
tests, and in-pile loop experiments. Much de- 
tailed information is included. Here the dis- 
cussion will be limited to the most general 
results and the principles of operation of the 
chemical-shim system. 

Operation with dissolved boric acid poses the 
following basic problem: to provide a means 
for varying the boric acid content in a con- 
trolled manner from a concentration of practi- 
cally 0 to 1000 or so ppm and, at the same time. 
to maintain the rigid standards of pH contro! 
and purity (with respect to unwanted contami- 
nants) which are normally sought in pressurized- 
water-reactor operation. 


No report has been noted that gives detauled 
descriptions of methods for adjusting the con- 
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centration of boric acid in a chemical-shim 
application, but it is clear from Ref. 7 and from 
implications of the other references that the 
intention is to use the straightforward method 
of feed and bleed; i.e., the basic method is to 
increase the boron content by introducing into 
the reactor a more concentrated solution and 
to decrease the boron content by introducing 
pure water or a solution of lower concentration. 
Coolant must, of course, be bled from the reac- 
tor system to make room for the liquid added. 
This effluent may be discarded, in which case 
it adds to the waste-disposal load, or it may be 
processed by distillation, and the concentrate 
and/or distillate may be recycled to the reactor 
as needed for subsequent adjustments of con- 
centration. As pointed out in Ref. 7, the latter 
method will probably prove more attractive in 
most cases, 


With control of the boron content by the 
purely mechanical means of feed and bleed, it 
is feasible to maintain water purity with re- 
spect to unwanted contaminants in the normal 
way, by ion exchange, provided suitable resins 
are used which will not remove the boron. In 
this connection it must be noted also that the 
addition of alkali in the form of LiOH or KOH 
nas been found beneficial for the reduction of 
corrosion-product deposition. The concentration 
ised is low, of the order 107‘ M or about 2 ppm 
‘or LiOH. However, it is necessary to select 
ion-exchange resins that will preserve both the 
soron and alkali contents while removing other 
Impurities. 


An experimental program showed the effec- 
iveness of the ion-exchange process in boric 
¿cid solutions, both with and without the pres- 
*nce of alkali.! For this experiment the alkali 
ised was KOH, rather than LiOH, the favored 
ıdditive for reactor use. The effectiveness of 
he ion-exchange process was evaluated for 
'esium, manganese, cobalt, and iodide ions to 
show that efficient ion exchange of either cation 
r halogen anion contaminants may be accom- 
lished in boric acid solutions by the use of a 
nixed-bed resin in the potassium borate form 
or in the hydrogen borate form if no alkali 
s used in the system). The resins used for 
he tests were Rohm & Haas nuclear grade 
Txe cation-exchanger resin and “Xe anion- 
xchanger resin. The anion resin (Xe) was 
onverted to the borate form by shaking with 
oric acid solution until an equilibrium boron 
oncentration of 1000 ppm was obtained. When 
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the potassium form of the cation resin (Xe) 
was desired, the conversion was made by shak- 
ing the resin with a solution containing KOH and 
1000 ppm of boron. The indications are that the 
Same general principles would be applicable 
when lithium hydroxide is used and that ion 
exchange will be effective for the removal of 
those impurities important in reactor operation. 

Aside from the problems of maintaining water 
purity, pH, and boron content, the water chem- 
istry problems that may be visualized in 
chemical-shim control have to do with corro- 
Sion, the behavior of corrosion products, and 
hideout of the boron. These questions are con- 
sidered briefly below. 


Corrosion, The corrosion tests to date have shown 
that there are no gross effects of the dissolved boron 
on corrosion rates and that most materials that are 
satisfactory in neutral or high-PH water at high tem- 
perature are also suitable for use in boric acid 
solution.’ Out-of-pile tests have been made on core 
components and have shown no adverse effects. The 
corrosion problem is, of course, one which can be 
fully assessed only by observation over long periods 
of time. Long-term tests are now under way on 
typical materials of construction in out-of-pile loops, 
and the results of one such test are described in 
Ref, 20. The experiment consisted in exposing a 
number of nuclear reactor structural materials to 
a partially neutralized 600°F solution of boric acid 
for a period of nine months. The materials included 
a number of stainless steels, Inconel, Inconel X, a 
number of braze materials, Zircaloy-4, and nickel- 
plated silver-indium-cadmium. The results, in gen- 
eral, indicated that all but three of the materials 
behaved satisfactorily. Zirconium-beryllium braze 
on Zircaloy-4, nickel plate onsilver-indium-cadmium, 
and thick layers of Nicrobraz 50 on type 304 stainless 
steel exhibited excessive corrosion, cracking, and/or 
pitting. Such long-term tests, and experience with 
reactor operation, will be necessary to show whether 
the presence of boric acid produces a significant ef- 
fect on corrosion, but the evidence to date seems 
sufficient to eliminate the direct problem of corrosion 
as a feasibility problem. 

Deposition of Corrosion Products. There are two 
possible adverse effects from the deposition of those 
corrosion products which do occur in any high- 
temperature water system, If they are deposited on 
the fuel elements, they may interfere with heat trans- 
fer or coolant flow, and, if they are deposited at points 
in the coolant system where access is important, they 
may add greatly to the troublesome radioactivity 
levels. Tests appear to indicate that the presence of 
boric acid does increase the deposition of corrosion 
products, but they have shown also that an increase 
of PH by the addition of alkali is effective in reducing 
both the release of corrosion, products from their 
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point of formation and their deposition at other points. 
The indication todate is that, with suitable pH control, 
operation will be acceptable. 


Hideout. In its broadest sense the term hideout of 
boron refers to the possible deposition of boron from 
solution onto solid surfaces in the coolant system or 
in deposits of corrosion products that are attached to 
surfaces. It is conceivable that the boron might sub- 
sequently reenter solution at some later time as a 
result of some change in water chemistry or operating 
conditions. Such uncontrolled behavior of the boron 
would, of course, be undesirable in any case since it 
would throw an uncertainty into the accounting of 
reactivity, which is important to reactor operation 
and safety. It would be particularly undesirable if the 
deposition occurred on the fuel plates or other parts 
of the reactor core structure, for a subsequent re- 
moval of such boron would then cause an increase of 
reactivity. The term hideout is sometimes used ina 
restricted sense to apply only to this latter possibility. 

Tests and experience to date have indicated that 
boron does not deposit from solution onto clean sur- 
faces, but there are indications that there may be a 
certain amount of deposition into corrosion products 
that may be adhering to surfaces. Out-of-pile inves- 
tigations of such deposition are reported in Refs. 16 
and 17, and both in- and ex-pile results are reported 
in Ref. 21. In the first investigation, ® finely divided 
synthetic corrosion products were agitated in a 
high-temperature solution of boric acid containing 
1000 ppm of boron, and the inclusion of the boron in 
the settled-corrosion-product sludge was measured, 
These tests indicated that the inclusion was of the 
order of 3 mg of boron per gram of synthetic corro- 
sion product. In another portion of the program, the 
deposition of boron in a stable corrosion-product 
film was investigated, and in this case the deposition 
was only about 0.3 mg of boron per gram of corrosion 
product. 

The experiments reported in Ref. 17 were made by 
a radiotracer technique that allowed the deposition of 
solute on selected surfaces to be followed continuously 
during the experiment. In this work it was necessary 
to utilize sodium as a stand-in for boron since there 
is no radioactive isotope of boron. The tests indicated 
that there was no deposition in the absence of boiling, 
although on fouled surfaces the deposition will occur 
when there is either subcooled or bulk boiling. How- 
ever, there appeared to be a minimum thickness of 
fouling necessary to cause the deposition, This thick- 
ness was about 0.3 to 0.4 mil. When such deposition 
occurred, it appeared to be proportional to the rate 
of evaporation at the surface. 


Reterence 21 is a report on a study of the interac- 
tion of stainless-steel corrosion products with boric 
acid solutions at normal and elevated temperatures, 
utilizing both in- and ex-reactor experiments, The 
ex-reactor experiments substantiate the results given 
in Ref, 16, with boron absorptions ranging from about 
1.5 to about 4 mg of boronper gram at 600°F, depend- 
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ing on the crud makeup and other experimental de- 
tails. It is concluded, however, that the borate is not 
permanently incorporated in the crud, but can be 
desorbed, with the crud behaving as an amphoteric 
ion exchanger; i.e., in solutions of high alkalinity, 
little or no adsorption would occur, whereas, in acidic 
media, adsorption would occur to an extent determinec 
by the borate-ion concentration and the solution pH. 
The in-pile capsule tests also indicated that reversi- 
ble adsorption occurred. These latter tests indicatec 
higher uptakes of boron compared to the ex-pile ex- 
periments, but this was believed to be due to boiling 
in the crud layer at the bottom of the capsule rather 
than as a specific result of a radiation-induced reac- 
tion. The point was not resolved, however, and further 
complications were noted in that the original mag- 
netite crud had transformed to gamma ferric oxide 
under irradiation. No instances of rapid release oi 
boron from a surface have been reported. In Ref. & 
the rapid release of boron from fuel plates is con- 
sidered as a hypothetical means of reactivity inser- 
tion inestimating the required strength of the control- 
rod system for a chemical-shim reactor. In that 
study it is stated that the maximum amount of reac- 
tivity associated with plateout of boron would be 
limited to 1.2% keff by continuous evaluation of core 
reactivity and the initiation of remedial action if the 
1.2% level is reached. It is considered inconceivable’ 
that more than one-third of the deposited boron could 
leave the core rapidly. 


Although the laboratory type tests may be 
useful and necesSary, they are not as effective 
as actual reactor operation for establishing the 
feasibility and practicability of chemical-shim 
control with boric acid. For this reason, the 
results of operation of the Saxton reactor with 
chemical-shim control are of particular in- 
terest. This type of operation was begun in 
May 1963 and was scheduled to continue“ 
through August 1964, Mention is made in Ref. 1 
that the reactor has been operating for several 
months with a boron content of approximately 
1000 ppm, both with and without nucleate boiling 
in the core. A test?’ of the predictability of the 
chemical-shim effect is shown in Fig. IX-13. 
The crucial factor in the test is the degree to 
which the theoretical predictions of control-rod 
position agree with those actually observed. As 
may be seen from the figure, the agreement iS 
good, even after a reasonably long period of 
operation that involved a shutdown and a sub- 
sequent rise in power level to the point where a 
substantial fraction of the core area was in- 
volved in nucleate boiling. The difference be- 
tween the predicted and observed control-rod 
position amounts, on the average, to 0.15%. k, 
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Fig. IX-13 Predicted and observed control-rod positions of the Saxton boron experiment.” 


and is within the band of uncertainty of the 
calculations. 


Pressurized-Water Reactors: 
Natural-Circulation Startup 


As nuclear power becomes of age, it may be 
expected that refinements will be made to help 
reduce the capital cost of the reactor plant 
components. One possible refinement is dis- 
cussed in Ref. 24. Although the main purpose 
of the reference is to describe a computer code 
for analyzing natural-circulation operation of a 
pressurized-water reactor, the reason behind 
the study is of more general interest and will 
2e discussed briefly. 

The startup of a power reactor usually re- 
juires operation of the primary coolant pumps, 
Oth to ensure flow through the reactor core 
and to help elevate the system temperature. If 
he pumps are of the constant-speed variety, 
»x0th the coolant mass flow rate through the 
yumps and the pump power consumption are 
'onsiderably higher at the cold, startup condi- 
ion than at the high-temperature condition of 
lormal reactor operation. One way to provide 


for this increased flow is to install pumps based 
on the capacity required during reactor startup, 
Unfortunately, if the primary coolant pump 
specified is a canned-motor pump, this solution 
is likely to be an expensive one for a large 
plant. The proposed Ravenswood Nuclear Gen- 
erating Unit, for example, called for five 
canned-motor pumps with a design capacity of 
about 60,000 gal/min.” According to the esti- 
mates of the Cost Evaluation Handbook, each 
pump would have cost’? approximately $500,000, 
and, since the cost of canned-motor pumps 
varies almost directly with capacity (see Fig. 
321-1 of Ref. 26), the designer would be reluc- 
tant to base his pump Specifications on the 
startup condition. Reference 24 suggests the 
following operating technique to avoid this 
penalty: 


... A method has been proposed that permits 
optimum design for normal steady state operating 
conditions and prevents the overheating of the cir- 
culating pumps during initial cold conditions, In 
this method, pump operation is required only for 
the period of time necessary to bring the reactor 
power level to a heat production rate consistent 
with the safe plant heat-up rate. This rate is de- 
termined by the thermal stress limitations of the 
components within the reactor coolant system.(The 
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power level is of the order of two percent of the 
reactor full power rating. Power to the pumps is 
then shut off and the plant heat-up is continued. As 
the pumps coast down, the forced circulation ceases 
and an adequate coolant flow is maintained by nat- 
ural circulation. The operation of the pumps will 
be resumed when coolant temperatures (hence 
coolant densities) are such that continuous operation 
of the pumps is permissible. 


The objective of the study, which required 
the development of the computer code, was to 
predict the system behavior during the pro- 
posed procedure. The code is presented in 
Ref. 24 and is applied to the startup problem 
of a large pressurized-water reactor. The 
particular problem studied gave results indi- 
cating the establishment of adequate coolant 
flow during plant heatup with natural circula- 
tion. This method of startup requires a spring- 
loaded check valve to ensure that the valve 
remains at least partially open when low flow 
exists in order to reduce flow resistance 
during natural-circulation cooling. 


Pressurized-Water 
Reactors: The Large 
Power-Reactor Program 


The objective of the Large Power Reactor 
(LPR) Program is to determine the potential 
of a seed-blanket reactor for application in a 
large central-station power plant [about 500 
Mw(e)|]. The research, engineering, and design 
work that is being conducted under the pro- 
gram has been described in a set of interim 
reports.?’-29 An earlier report on the economic 
potential of the seed-blanket reactor?’ gives a 
useful discussion of the general relation in the 
neutron-physics design of seed-blanket reac- 
tors. This report was reviewed in Power Reac- 
tor Technology, 4(3): 38-41. 

Conceptual designs of large reactors utilizing 
several different fuel cycles have been devel- 
oped,21:28 all having the following major design 
features: 


1. All use rod type oxide fuel elements, 
jacketed in Zircaloy-4 and of full core length. 

2. The core is composed of a number of 
identical modules, each comprising a central 
seed, a Surrounding blanket, and means for 
reactivity control. 
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3. Control of reactivity during operation is 
accomplished by relative motions of portions 
of the seeds, which vary the neutron leakage 
from the seeds. 

4. The cores have small length/diameter 
ratios (ranging from 0.53 to 0.62) and are in- 
stalled in spherical pressure vessels that are 
welded in the field. Core reloading does not 
require removal of the vessel head but is done 
through nozzles in the head. The nozzles also 
serve as entries for the control mechanisms. 


The significance of the seed-blanket program 
has been summarized as follows:* 


During the earlier phases of the LPR program, 
seed-blanket reactors using natural uranium in the 
blanket were studied. Nuclear calculations cor- 
firmed by critical experiments indicate that 2 
uranium converter-burner core can be designed ta 
produce over 65% of the total core energy from its 
natural uranium blanket. While the fuel cycle cost 
for such a core is about 10% higher than that for 
slightly enriched cores, its fuel utilization is about 
20 to 40% better, as indicated in Table {IX-13]. 

While these results were promising, it became 
clear as the work progressed that large seed- 
blanket reactors using thorium fuel have higi 
potential for (1) low power generation cost in a 
long-lived, thorium converter-burner design and 
(2) high fuel utilization in a converter-recycle de- 
sign. For application in the near future, when the 
technology of thorium fuel reprocessing and remote 
fabrication of radioactive fuel has yet to be de- 
veloped on a practical basis, the thorium seed- 
blanket converter-burner design is more attractive. 
This core provides a competitive power generatio: 
cost and better fuel utilization when compared to 
other water cooled reactors. Further, when the 
problems associated with recycling of irradiatec 
fuel are solved on a practical basis, the tho- 
rium converter-recycle design appears capable «=: 
breeding. 

Accordingly, a core design has been developed 
consisting of a thorium seed-blanket converter- 
burner core with a central region of breeder type 
fuel assemblies. Such a core would have about the 
same low fuel cycle cost as the converter-burner 
core, yet would be capable of demonstrating the 
breeding potential of the thorium converter-recyci¢ 
design. This would make it possible to demonstrate 
breeding at an early date without having the power 
generation cost significantly dependent on the 
practicality of chemical reprocessing and remote 
fabrication of radioactive fuel elements. 


*We are grateful to the Naval Reactors Branch = 
AEC’s Division of Reactor Development for th: 
summary. 
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Successful operation of a thorium seed-blanket 
reuctor containing a central breeder region will 
constitute a major advance in reactor technology 
through the demonstration of breeding inthe central 
region of the core. The thorium seed-blanket con- 
cept is the only known approach for extending fuel 
utilization of light-water reactors significantly 
beyond today’s value of 1 to Xt of the potential en- 
ergy inthe mined ore. The thorium seed-blanket 
concept is expected to provide a means for ulti- 
mately making available for power production about 
half the energy inthe fertile thorium fuel reserves. 


A diagram of a core cross section for the 
uranium converter-burner design is shown in 
Fig. IX-14. Each of the 37 modules consists of 
a seed with stationary and moving parts for 
reactivity control, an annular blanket, and 
three outer blanket assemblies of chevron- 
shaped cross section. Each module contains 
also, on its axis, a round absorbing control 
rod for shutdown. In the pressure-vessel head, 
a port provided above each module is of suffi- 
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cig. DX-14 Uranium converter-burner reactor con- 
rept.28 Equivalent diameter = 15 ft. 
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cient diameter to pass the seed and annular 
blanket. The assembly, consisting of the seed, 
the shutdown rod, and the drive mechanism for 
the shutdown rod and the movable seed por- 
tions, is hung from a shoulder near the top of 
the fuel port and can be lifted out as a unit for 
refueling. The annular blanket is also hung 
from the port and can be lifted out separately. 
The chevron blanket sections are supported by 
the fixed bottom plate of the core. They can be 
removed individually through the fuel port after 
the removal of the annular blanket section. The 
arrangement of the core in the pressure vessel 
is indicated in Fig. IX-15. 

The control of reactivity by “seed leakage” 
is to be accomplished by dividing the (nominal) 
seed into two coaxial parts, the inner of which 
is movable axially, and dividing each of the 
coaxial parts lengthwise into seed and blanket 
regions, as shown in Fig. IX-16. When the inner 
section is moved so that its seed portions are 
adjacent to the seed portions of the outer, fixed 
section, the fission neutrons produced in seed 
fuel will have the maximum probability of being 
absorbed in other seed fuel, i.e., the neutron 
leakage from the seed will be minimized, and 
the reactivity will be maximized. When the seed 
portions of the two blanket sections are mutually 
adjacent to blanket portions, the reactivity will 
be minimized. The range of reactivity adjust- 
ment available from seed movement is expected 
to be at least enough to compensate for fuel 
burnup, and hence it is expected that the 
parasitic loss of neutrons to absorbing control 
rods can be avoided, 

Rod type fuel elements of full core length 
(8 ft) are contemplated for both the seed and 
blanket regions. The axial seed-blanket seg- 
mentation is to be obtained by appropriately 
segmented pellet loadings of the seed elements. 
The fuel-rod design is based on self-standing 
Zircaloy-4 cladding. The fuel rods are supported 
mechanically by a bottom grid assembly and by 
Spring collars located at intervals along the rod 
length. The spring-collar design, illustrated in 
Fig. IX-17, is such that rubbing contact occurs 
only between the collars. The design of the 
collars is similar in principle (but different in 
detail) to that used successfully on a special 
assembly of blanket-rod elements (SABRE) 
which was tested in the Shippingport core. In 
the test assembly, the fuel rods were arranged 
in a square lattice to suit the basically square 
Shippingport geometry rather than in.the tri- 
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Fig, IX-16 Schematic of the uranium converter-burner unit cell.28 
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angular lattice that is contemplated for the large 
power reactor. The collar material is Inconel X. 
The seed rods in this particular LPR uranium 
converter-burner design are 0.25 in. in diam- 
eter. They are spaced 0.085 in. apart and are 
supported laterally at intervals of 12 to 20 in. 
The blanket rods are 0.50 in. indiameter. They 
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Fig. IN-17 0 Spring-collar tuel-rod spacers. 
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are spaced 0.175 in. apart and are supported 
laterally at 24- to 36-in. intervals inthe annular 
region and at 48-in. intervals in the chevron 
regions. The blanket fuel is natural UO,, where- 
as the seed fuel is highly enriched UO, combined 
with a diluent, probably ZrO,. 


A three-pass coolant flow isused: the coolant 
flows upward through the seed region, down- 
ward through the annular blanket, and finally 
upward through the chevron blanket sections. 
The flow boundaries are provided by the walls 
of the several regions in each individual fuel 
module. 


It is proposed that the 24-ft-ID reactor 
pressure vessel be welded up in the field from 
the prefabricated sections illustrated in Fig. 
IX-18. The bottom section and the barrel-stave 
side sections are visualized as hot pressings, 
whereas the top section would be a forging or a 
welded assembly of smaller forgings. The inlet 
and outlet nozzles, which are designed with 
reinforcements both inside and outside the 
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Fig. IX-18 LPR reactor vessel concept. Prefabricated sections are suitable for field erection. 
The finished vessel is 24 ft in inside diameter, overall height is 2s ft 4 in., and weight is 425 tons 


without internals and mounting skirt. 
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shell, would be forgings strength welded into the 
barrel-stave sections. It is expected that type 
A-302B steel would be used for the plate sec- 
tions and type SA-306 for the forgings; the 
internal cladding would be weld-deposited stain- 
less steel. Stress relieving in the field is 
visualized by the use of strip heaters or by 
utilizing a part of the reactor containment 
structure, lined temporarily with firebrick, 
as a furnace. 

The pressure vessel is a rather impressive 
structure. The thinking behind this development 
has been summarized as follows: * 


Pressure vessels for large capacity reactors 
(greater than about 300 MWe) probably cannot be 
shipped by rail (regardless of whether spherical or 
cylindrical in shape) since the minimum clearance 
dimensions will likely exceed minimum railroad 
clearances (about 15 feet) even along selected 
routes. The LPR vessel has therefore been de- 
signed for field erection, so as to remove any 
restrictions on site location posed by pressure 
vessel shipment limitations. Further, recognizing 
the operational limitations that would be imposed 
on a cylindrical pressure vessel by neutron irra- 
diation over a 30 year plant lifetime, the spherical 
shape was adopted to introduce a thick water shield 
(about four feet at core midplane) which reduces 
the lifetime fast neutron exposure to an nvt of 
1.5 x 10! neutrons/cm* and actually permits a 
decreased vessel wall thickness. The benefits from 
such a design are obvious. For example, (1) the 
resultant shift in NDT (nil ductility temperature) 
over 30 years of operation will be less than 50°F; 
(2) the spherical vessel concept has the potential 
for accommodating still higher power reactors —a 
30 foot diameter spherical vessel would have a wall 
thickness of about 11 inches and would be suitable 
for a 1000 to 1500 MWe reactor in contrast with a 
cylindrical vessel which would have walls 14 to 16 
inches thick for a 1000 MWe plant; (3) still another 
benefit derived from the spherical design as a 
result of minimum wall thickness is capability for 
rapid vessel heatup and cooldown rates compared 
with cylindrical vessels. 


The characteristics of reactors that use four 
different fuel cycles are given in Table IX-12. 
The design principles for all the reactors are 
Similar to those described above for the ura- 
nium converter-burner, although differences in 
qualitative detail and rather large quantitative 
differences enter because of the differences in 
fuel programming and blanket material. When 


*Quotéd from a summary by the Naval Reactors 
Branch of AEC’s Division of Reactor Development. 
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thorium is used as the blanket fuel, the seec 
must initially produce nearly all the reactor 
power. Hence the ratio of seed volume ts 
blanket volume must be much larger than wher 
the blanket is composed of natural uranium. 
This characteristic is illustrated in Fig. IX-19, 
which is a diagram of the core cross secticn 
for the thorium converter-burner (compare 
Fig. IX-14). 

The last two columns of Table IX-12 apply to 
recycle reactors that use very “dry” blankets. 
In these designs most of the bred fertile isotope 
remains at the end of blanket life (rather than 
being burned in place) and is extracted and re- 
cycled to the seed. The Bettis reports indicate 
that the use of the low hydrogen/fuel ratio ın 
the blanket, coupled with the variable-geometry 
control method that does not introduce parasitic 
neutron-absorbing poisons into the core, favors 
very high conversion ratios. 

Considerable attention has been given in the 
studies?™:?? to the analysis of the 233U-thorium 
recycle case, and the conclusion is that breed- 
ing may be feasible on that cycle with the 
seed-blanket approach. In the past generalized 
analyses?! have indicated that breeding is theo- 
retically possible in the “°U-thorium-H.O sys- 
tem, provided the neutron losses to structural 
materials and fission products are kept low and 
provided the thermal-neutron flux on the fertile 
isotope is kept relatively low to minimize neu- 
tron absorption by °% Pa. These requirements 
are uSually difficult to satisfy in a practical 
solid-fuel reactor. The analysis reported in 
Ref, 28 indicates that they are not satisfied well 
enough in a core of uniform fuel composition, 
operating at a power density of 60 kw/liter, to 
achieve a conversion ratio above unity except 
for impractically short fuel exposures. The 
Same reference contains analyses that show the 
seed-blanket reactor to perform considerably 
better, yielding average conversion ratios above 
unity for seed exposure lifetimes up to about 
12 months. The more extensive investigation 
reported in Ref. 29 finds cases in which the 
average conversion ratio remains above unity 
for seed lifetimes as long as about 30,000 EF PH. 
The anticipated performance is characterized 
in a paper presented at the Third United Nations 
International Conference on The Peaceful Uses 
of Atomic Energy as follows:*” 


... The most meaningful way of describing ; 
breeder performance appears to be by the tisstl 
inventory ratio, i.e., the ratio of total fissile tue! 
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in the core at any time to that at start of life. Ina 
typical case with 2100 kg of 283U in the seed the 
calculated core endurance is about 15,000 EFPH 
and the end-of-life value of the fuel inventory ratio 
exceeds 1.01. If reprocessing losses are about 4 
to 1%, this core would then be self-sustaining. As 
the seed fuel inventory is increased, the values of 
the fuel inventory ratio decreases slowly but en- 
durance increases rapidly... 


Some of the reasons for the higher conversion 
performance of the seed-blanket reactor are 
readily apparent. Thus, if the blanket is re- 
processed at a relatively low value of fission 
depletion, high fission-product concentrations 
will occur only in the seed, where the fissile 
isotope is in a high enough concentration to 
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compete favorably with them for neutrons, 
Moreover, the thermal-neutron flux may be kept 
low in the blanket, and the fast-fission effect 
may be accentuated, by employing a low coolant/ 
fuel ratio there, since the power density in the 
blanket is low in any case. These observations 
imply some of the limitations that are imposed 
on other performance characteristics when 
very high conversion ratio is sought. The most 
important of these appears to be a low ratio of 
blanket power density to seed power density. 
The preceding quotation is consistent with the 
concept of a “hold-its-own” or self-sustaining 
reactor—one which does not diminish the re- 
source of fissile isotope, but which does not 
expand the resource significantly either. In an 


Table IX-12 CORE CHARACTERISTICS FOR FOUR 500-Mw(e) SEED-BLANKET CONCEPTS?’ 








Uranium Thorium Uranium Thorium 
converter- converter- converter- converter- 
burner burner recycle recycle 

Reactor power, Mw (t) 1650 1720 1730 1750 
Pressure, psia 2000 2000 2000 2000 
Reactor inlet temperature, °F 537 515 515 515 
Pressure at turbine throttle, psig 700 600 600 600 
Pumping power, % of gross 3.3 4.4 5.3 6.2 
Coolant flow rate, 10° lb/hr 70 120 95 120 
Core 

Pressure drop, psi 80 50 135 100 

Diameter, ft 15 15 13.7 13 

Active height, ft 8 8 8 8 

Average power density, kw/liter 42 42 50 56 
Seed 

Volume % of core 10 30 24 40 

Power density, kw/liter* 170 140 160 140 

Moderator/water ratio 0.7 0.7 0.7 0.7 

Fuel-rod diameter, in. lÁ 1⁄ A k 

Fuel-rod spacing, in. 3⁄4 Yy 3⁄4 3⁄2 

Equivalent full-length fuel rods 16,600 50,000 37,000 55,000 

Fuel loading, kg of 235U 1000 4500 

Seed lifetime, EF PH 10,000 70,000 10,000 7000 

Average depletion, 1029 fissions/cem® 7 22 7 4 

No. of seeds/blanket 7 1 6 3 
Peak depletion, 10% fissions/cm? 20 30 
Wt.% UO, in seed fuel 32 35 
Blanket 

Blanket fuel UO, ThO, UO, ThO, 

Power density, kw/liter* 33 33 27 23 

Hydrogen/fuel atom ratio 3.5 4.5 0.8 0.6 to 0.7 

Water/UO, or ThO, 1.5 1.75 0.35 0.25 

Fuel-rod diameter, in. r, A ” YA 

Fuel-rod spacing, in. 3⁄4 Se Uas JA 

Total No. of fuel rods 42,000 21,400 26,000 20,000 

Fuel loading, metric tons 100 68 138 100 

Blanket lifetime, EFPH 70,000 70,000 60,000 21,000 

Average fuel depletion, Mwd/metric 

ton of fuel 30,000 36,500 10,000 2000 
Average blanket power fraction 
(over blanket life), % 65 50 32 13 





*At maximum power fraction. 
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Fig. IX-19 Thorium converter-burner reactor concept.”8 


Table IX-13 COMPARATIVE PERFORMANCE OF WATER-COOLED CONVERTER-BURNER REACTORS?! 


Natural- 
Potential Uranium uranium 
energy Fissionable Fissionable reprocessed input to 
from nuclear 2356p) Pu or 233U material to recover diffusion Fuel 
fuel mined,* destroyed,f remaining, consumed, bred fuel, plant, cost,§ 
% g/Mwd(t) g/Mwd(t) g/Mwdi(t) g/Mwdi(t) g/Mwd(t) mills/kw-br 
Uranium converter- 
burner cores 
Seed-blanket 1.4 0.59 0.44 21 100 2:3 
Slightly enriched 
spectral shift 1.2 0.82 0.45 39 180 2.1 
Slightly enriched 
poison control 0.9 0.88 0.60 40 200 2.1 
Thorium converter- 
burner cores 
Seed-blanket 1.4 0.63 0.39 12 160 1.8 





*Includes plutonium or 233U credit. 


TGrams per thermal megawatt-day of energy produced by reactor. 
tAssumes 235U in tailings can be utilized; otherwise comparison would indicate the uranium seed-blanket core to be 


still more favorable. 


§The costs given in this table are solely for the purpose of comparing the various reactor concepts on a consistent 


basis and should not be construed as actual fuel costs. 


expanding nuclear power industry, the problem 
of supplying the inventory of fissile isotope for 
the increasing number of power reactors is an 
inherent part of the fuel-supply problem, the 
importance of which has been recognized in the 
general breeder-development effort by a strong 
emphasis on breeding gain and the attainment of 
short doubling times. Although a reactor which 
breeds even by a small margin is obviously 
better than a reactor with a low conversion 
ratio, opinion varies as to the unique Significance 


of a hold-its-own reactor (of infinite or very 
long doubling time) in relation to the nuclear 
fuel supply problem. The question is too complex 
to be treated here, but some aspects of it have 
been explored in a previous review of nuclear 
fuel utilization in Power Reactor Technolog: 
[6(4): 1-39 (Fall 1963)]. 

The fuel-utilization characteristics of the 
nonrecycle seed-blanket reactors are also em- 
phasized.”"»?8 Table IX-13, from Ref. 27, gives 
comparison with other pressurized-water types. 
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A11 entries in the table are self-explanatory 
except, perhaps, the first column. The number 
given is the amount of energy derived from unit 
quantity of virgin natural uranium, expressed 
as a percentage of the energy that would be 
available if all the uranium were consumed via 
conversion of U to plutonium and subsequent 
fission. The total potentially available energy 
is taken as 915,000 Mwd/metric ton of natural 
uranium, In arriving at the numbers in the first 
column, credit is given for the fissile isotope 
discharged from the nonrecycle reactors by 
assuming it to be equivalent to 235U, 

In the case of the uranium converter-burner, 
the seed-blanket core shows a higher percentage 
energy extraction than the spectral-shift core 
(1.4% vs. 1.2%). Almost all the difference ap- 
pears to be due to the smaller losses in the 
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diffusion-plant tailings in the seed-blanket case 
(because much of the energy is produced in the 
natural-uranium blanket), since the specific net 
consumption of fissile isotope (fourth column of 
Table IX-13) is nearly the same in the two 
cases. In comparison to the conventional poison- 
control core, the seed-blanket core shows a 
considerable increase in the percentage energy 
extraction, This is due partly to the lower tails 
losses and partly to a lower specific net con- 
sumption of fissile isotope. 

In a previous issue of Power Reactor Tech- 
nology, the efficiency of fuel utilization has 
been considered in terms of the specific utiliza- 
tion, T, defined as the energy produced per net 
gram of fissile isotope made unavailable. This 
quantity may be derived for the several reactor 
types from Table [X-14, from Ref. 28. Not all 


Table IX-14 CHARACTERISTICS OF VARIOUS WATER-COOLED REACTORS 
USED AS BASIS FOR FUEL-COST CALCULATIONS”® 





Spectral-shift- Poison- Spectral-shift- 
Seed-blanket Seed-blanket controlled controlled controlled 
thorium uranium uranium uranium thorium 
burner burner burner burner converter 
Nuclear design data obtained Bettis Bettis AEEW-R-174* AEEW-R-174* BAW-1241f 
from calculations calculations 
Nuclear constants calculated MUFT-KATE MUFT-KATE Adaptation of Adaptation of BPG code 
by codes codes MUFT-KATE MUFT-KATE 
codes codes 
Type of core cycle Batch Batch Fuel shuffling Fuel shuffling Batch 
Water/UO, volume ratio 1.5 (blanket) 2.0 2.0 
Cladding material Zircaloy Zircaloy Zircaloy Zircaloy Zircaloy 
Average fuel burnup, Mwd/ 40,000 30,000 25,000 24,000 21,500 
metric ton of fuel (blanket) (blanket) 
Initial enrichment, % *5u 93/0 93/0.7 3.5 3.5 3.3 
in fuel 
Final enrichment, % 235U in 78.9/0 90/0.7 1.51 1.43 1.61 
fuel 
Grams of U consumed/Mwd 0.66 0.61 0.82 0.88 0.92 
Grams of “py +% Pu or U 0.24 0.14 0.37 0.28 0.65 
discharged/Mwd 
Net grams of fissionable 0.42 0.47 0.45 0.60 0.27 
material destroyed/Mwd 
Fuel-rod diameter, in. 0.250/0.625 0.250/0.500 0.400 0.400 0.436 
Maximum linear heat rating, 15.0 15.0 15.0 15.0 10.5 
kw/ft 
Overall power-peaking factor 3.7/2.4 3.7/4.2 1.91 3.0 1.571 
Fuel residence time, days at 3650/3650 521/3650 883 1339 843 
80% load factor 
Total feet of fuel rod for 400,000 (seed) 133,000 (seed) 215,000 340,000 305,000 
500-Mw (e) core 171,000 356,000 
(blanket) (blanket) 
Kw-hr/core x 1019 3.5 3.5 0.848 1.285 0.810 





*D. Hicks, Light Water Lattice Calculations in the U.K., British Report AEEW-R-174, April 1962. 
tBased on design and compositions of first core for potential plant given in the report by D. Mars, Spectral Shift 
Control Reactor Design and Economic Study, USAEC Report BAW-1241, Babcock & Wilcox Co., December 1961. 


tAssumes extensive fuel zoning (USAEC Report BAW-1241). 
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the reactors listed are identical to those repre- 
sented in Table [X-13. The values of T and T, 
(the specific utilization in the reactor, without 
regard to diffusion-plant losses) derived from 
Table IX-14 are given in Table IX-15. 

It has been pointed out before [Power Reactor 
Technology, 6(4): 1-37] that in an expanding nu- 
clear power industry the inventory requirements 
of the nuclear plants may be asimportant as the 
actual consumption of nuclear fuel. Estimating 
from the characteristics quoted in Refs, 27 and 
28, and allowing for an ex-reactor inventory 
equal to 1.5 years of throughput, we can con- 
clude that the seed-blanket uranium converter 
will require about 0.4 metric ton of natural 
uranium to supply the inventory for each ther- 
mal megawatt of installed capacity. This is 
about the same as the specific inventory re- 
quirement of conventional slightly enriched 
pressurized-water reactors. The requirement 
of the seed-blanket thorium converter-burner 
is considerably higher, amounting to about 0.66 
metric ton of natural uranium per thermal 
megawatt. The very long seed life (10 years) 
of this reactor is purchased partly at the ex- 
pense of a large loading of 23šSU, which accounts 
for the rather high inventory requirement. The 
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inventory component of the fuel cost (i.e., the 
use charge) has been computed for this reactor 
in Ref. 28 as 0.56 mill/kw-hr on the basis of 
the 4.75% per year “government-ownership’ 
use-charge rate. 

Although Refs. 27 and 28 are not intended to 
give a complete evaluation of the seed-blanket 
concept, they do indicate its areas of strength 
and weakness. In the areas of strength, there is 
the possibility of superior neutron-physics per- 
formance in comparison to other pressurized- 
water types and the possibility of greater 
operating convenience and higher plant avail- 
ability. This is due to the very long life of the 
blanket, the relatively long life of the seed, and 
the ease of seed refueling. On the other hand, 
the concept results in a relatively low average 
power density in the core, apparently an in- 
herent result of the necessity for producing a 
substantial fraction of the power in a small 
fraction of the core volume (i.e., in the seeds). 

The use of highly enriched fuel in the seed 
is characteristic of the seed-blanket concept. 
Except for the fuel cost estimates reported in 
the references cited, it is difficult to evaluate 
the long-range economic implications of this 
feature, for it has not previously been used in 


Table IX-15 SPECIFIC FUEL UTILIZATIONS COMPUTED FROM DATA OF TABLE IX-14 


Seed-blanket 
thorium 
burner 

Grams of 23SU consumed/Mwd (total) 0.66 
Grams of 2SSU consumed/Mwd (from 

enriched fuel 0.66 
Grams of 235U discarded/Mwd in diffusion 

plant tailst = Bl0.25/(0.72 — 0.25)] 0.35 
Grams of 239pu + 241pu or U discharged/ 

Mwd 0.24 
Net grams of fissile isotope destroyed/ 

Mwd = A— D 0.42 
Specific utilization of fissile isotope in 

reactor, T,, Mwd/net grams of fissile 

isotope destroyed (= 1/£) 2.38 
Net grams of fissile isotope made 

unavailable/Mwd (= A+ C- D 0.77 
Specific utilization of fissile isotope in 

fuel cycle, T, Mwd/net grams of fissile 

isotope made unavailable (= 1/G) 1.30 


Spectral- Spectral- 
shift- Poison- shift- 
Seed-blanket controlled controlled controlled 
uranium uranium uranium thorium 

burner burner burner converter 
0.61 0.82 0.88 0.92 
0.44* 0.82 0.88 0.92 
0.23 0.44 0.47 0.49 
0.14 0.37 0.28 0.65 
0.47 0.45 0.60 0.27 
2.13 2.22 1.67 3.71 
0.70f 0.89 1.07 0.76 
1.431 1.12 0.94 1.32 





*Assuming an average of 65% of the energy produced in the blanket. The consumption of about 1.26 g of P'U (by 
fission and neutron capture) yields 1.0 Mwd of energy. If 35% of the power is generated in the seed, the specific con- 
sumption of 235U in the seed is 0.35 x 1.26 = 0.44 g/Mwd of total core power. 


tAssuming tails enrichment of 0.25% aa OR 


tNeglecting the discard of any 23SU that may be left in the discharged blanket. 


Foli 1964 


commercial reactors, and consequently thereis 
no generally available body of cost information. 

At this stage of development, the recognition 
Df these advantages and limitations of the con- 
cept cannot serve as an evaluation, but only as 


an 


indication of the probable directions of 


further development. 
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cores, 114-17 
plutonium-uranium heavy-water systems, 411 
British Experimental Pile O 
See Reactors (BEPO) 
Bromine, release during uranium fire, 370-1 
Buckling, determination for heavy-water 
lattices, 212-14 
measurement in substitution critical experi- 
ments, 4-5 
Buildings, Big Rock Point comparison with 
Humboldt Bay plant, 78-9 
BONUS Reactor containment, 308 
containment at low pressures, 54-5 
New Production Reactor, 267 
Pathfinder Reactor containment, 290 
reinforced concrete, stress analysis, 54-5 
Burnout, comparison of Russian with U. S. data, 
223-35 
DNB-2 curve significance, 335-43 
limits for boiling-water reactors, 14-26 
multirod geometry studies, 154-65 
in nonuniformly heated channels, 343-52 
rod-bundle geometry studies, 226-7 
test device, 15 
tubular geometry studies, 227-34 
Burnup 
See also Core life 
fuel assemblies, in Fuel-Cycle Program, 28. 
31 
in High-Power -Density Development 
Project, 38-39, 42, 44 
fuel-element studies for Shippingport core 2, 
197, 199-200 
Butterfly valves 
See Valves 


C 


Cadmium, cross-section change with burnup in 
reactors, 216-18 

Cadmium alloys (Ag-Cd-In), eross-section 
change with burnup in reactors, 216-18 


433 


434 


Cadmium alloys (Cd-Eu), burnable-poison use 
studies, 217 
Canada, comparison with United States in 
heavy-water reactor development, 87-95 
Canals 
See Fuel-transfer canals 
CANDU Reactor (Canada) 
See Reactors (CANDU) (Canada) 
Carolinas-Virginia Tube Reactor 
See Reactors (Carolinas-Virginia Tube) 
Cerium-141, deposition from gas stream onto 
surfaces, temperature effects, 371 
Cerium-144, emission from irradiated uranium 
dioxide, 361 
release during uranium fire, 370-1 
Cerium alloys (Ce-Co-Pu) (liquid), properties, 
182-3 
Cermets, plutonium-containing, fabrication and 
testing, 183 
Cesium-137, evolution from irradiated uranium 
dioxide, 360-2 
release during uranium fire, 370-1 
Circuits (electric) 
See Electric circuits 
Chromium, neutron-physics effects in fast 
reactors, 128-33 
Cladding 
See also specific cladding materials, e.g., 
Stainless steels (304) and Zircaloy-2 
boron incorporation for burnable-poison use, 
357-8 
failure, effects of uranium dioxide core 
melting, 46-8 
fuel assemblies, testing in VBWR, 27-34 
sintered aluminum powder use, for fuel 
elements, 242 
in organic-cooled heavy -water-moderated 
reactor design, 95, 405 
in WR-1 reactor, 324-5 
Stainless steel, failure on fuel elements in 
Vallecitos Boiling-Water Reactor tests, 
354-5 
Zircaloy-2 system with stainless-steel inner 
lining, 356 
Zircaloy-2 use for boron carbide systems, 
368 
Zircaloy-4 use for Shippingport core 2 fuel 
elements, 197 
Coal, gasification by reactor heat, economics, 
1-3 
Cobalt alloys (Ce-Co-Pu) (liquid), properties, 
182-3 
Cobalt alloys (Co-Pu), preparation and testing, 
182 
Cobalt alloys (Co-Pu) (liquid), properties, 182-3 
Coke, iodine removal by, 58 
Compaction, explosive, of tubular fuel elements, 
237-8 
vibratory, annular multitube fuel elements, 
241-2 
uranium dioxide fuel rods, 238-41 
Components, 60-9, 269-75, 372-5 
See also specific components, e.g., Pumps, 
Steam generators, and Valves 
of fuel assemblies, functional description, 
38, 43 
fuel-handling equipment, 68 
of transducers, limitations on use in reac- 
tors, 52-3 
Computer programs, AIM-5, graphite- 
moderated critical assembly studies, 9 
BICEP, graphite -moderated critical as- 
sembly studies, 9 
BPG, diffusion-equation coefficient studies 
for Spectral Shift Control Reactor, 212 
CINDER, time-dependent fission-product 
concentration studies, 215-16 
fission-product deposition from gas streams, 
371 
FORM, graphite-moderated critical-assembly 
studies, 9 
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GAM-I, critical configurations studies, 6 
MUFT-KATE, nuclear constant calculations 
for seed-blanket reactors, 429 
PDQ-4, perturbation analysis for Spectral 
Shift Control Reactor, 212 
period-meter output studies during reactor 
startup transients, 51 
radiation-effects studies of transducer ma- 
terials, 53 
reactor noise analysis, 248 
REPAD, Doppler effects on neutron absorp- 
tion resonance, 329-30 
STEWPOT, graphite-moderated critical as- 
sembly studies, 10 
TEMPEST, critical configurations studies, 
6, 9 
THERMO-SYPHON, pressurized-water reac- 
tor natural-circulation studies, 421-2 
THERMOS, heavy-water lattice studies, 7 
TKO, perturbation analysis for Spectral 
Shift Control Reactor, 212 
TYCHE, fission-neutron age studies, 331 
Condensers, BONUS Reactor, 307 
comparison of Big Rock Point with Humboldt 
Bay plant, 79-81 
Pathfinder Reactor, 289-90 
Conferences, fuel management, 201 
Tripartite Organic-Cooled Heavy -Water 
Reactor Meeting, 324 
Construction practices, 70-84, 276-312 
Containers, stainless-steel, criticality mea- 
surements of uranium and plutonium solu- 
tions, 5-6 
Containment, 265-7, 370-1 
BONUS Reactor, 307-9 
comparison of Big Rock Point with Humboldt 
Bay plant, 79 
large heavy-water pressure-tube reactor, 
404 
leak studies with concrete buildings, 54-5 
New Production Reactor, vented-containment 
concept, 265-7 
Pathfinder Reactor, 290-1 
Contamination, environmental, from uranium 
fire, 370-1 
fossil-fired superheaters, 314 
turbines in superheater reactors, 310 
Control-rod drives, 272-5 
Big Rock Point Reactor, 82 
electrical switch problems in Consolidated 
Edison Thorium Reactor, 314 
Heavy-Water Components Test Reactor, 
problems of, 316-17 
Pathfinder Power Reactor, 274-5 
Control rods, BONUS Reactor, 301-3, 306 
boron use, review of, 365-8 
Experimental Gas-Cooled Reactor, design, 
376-7, 378 
flexibility for travel in bowed channels, 
376-7, 378 
hafnium, studies in BeO subcritical as- 
semblies, 10-11 
hydraulic actuator, 271-4 
materials for, cross-section vs. burnup 
data, 216-18 
Pathfinder Reactor, 282-4, 288 
pressure -balanced type for Experimental 
Organic-Cooled Reactor, 274 
requirements in reactors using chemical 
shim in primary coolant, 415-18 
shim assemblies for Plutonium Recycle Test 
Reactor, 390 
Shippingport Reactor, neutron-exposure 
effects, 195-6 
Sodium Reactor Experiment, drop-time 
studies, 377, 379 
withdrawal program for large multiregion 
reactor, 331-2 
Control systems, 51-3, 248-63 
augmentation in boiling-water reactors by 
boron steel poison slabs, 207 


chemical shim in primary coolant of 
pressurized-water reactors, 411-21 
comparison of Big Rock Point with Humbolk: 
Bay plant, 81-3 
Consolidated Edison Thorium Reactor 
operating experience, 314 
moderator -level control, 385-99 
noise-analysis studies, 248-63 
Converter reactors 
See Reactors (converter) 
Coolants 
See also specific coolants, e.g., Sodium 
(liquid) and Water 
expansion, reactivity effects in fast reactors. 
118-22 
flow-rate measurement in Plutonium Recycle 
Test Reactor, 383 
quality control, in reactors using dissolved 
chemical shim, 418-21 
in Shippingport plant, 196 
Cooling systems, comparison of Big Rock Pux 
with Humboldt Bay design, 70-3, 76-9 
Consolidated Edison Thorium Reactor, 
purification problems, 314 
design variables, effects on burnout in 
boiling-water reactors, 15 
organic-cooled heavy -water -moderated re- 
actor, 96 
pressure control in Pathfinder Reactor, 288 
recirculation-piping design for Pathfinder 
Reactor, 384 
Copper, mesh, iodine removal by, 58 
Copper systems (B,C-Cu), corrosion testing. 
367 
Core design, BONUS Reactor, 303-6 
comparison of Big Rock Point with Humbol& 
Bay plant, 73-6 
evaluation of Zircaloy use in N. S. Sez am:z! 
Reactor, 322-4 
fast-breeder reactor for water desalinizatio:. 
138-9 
NPD Reactor, 391 
Pathfinder Reactor, 284-8 
Plutonium Recycle Test Reactor, 387 
seed-blanket reactor, 423-4, 427-8 
thermionic water-cooled reactor. 103 
Core life 
See also Burnup 
extension in boiling-water reactors by cœ- 
trol augmentation techniques, 207 
plutonium-uranium mixtures in water- 
moderated reactors, 203-5 
Corrosion, alumina -boron carbide pellets. 
367 
boron carbide, 368 
boron carbide — copper couples, 367 
boron carbide — stainless-steel couples, 367 
boron carbide -steel couples, 367 
control in reactors using boric acid shim w 
primary coolant, 419-20 
fuel assemblies tested in VBWR, 29-30, 38. 
40, 354-5 
stainless-steel fuel-element cladding in 
VBWR tests, 354-5 
welds on Shippingport control-rod assembix > 
196 
Corrosion products, buildup in coolant pumps 
of Plutonium Recycle Test Reactor. 313-!4 
deposition in reactors using chemical sum 
in primary coolant, 419-20 
Cracking, fuel assemblies tested in VBWR. 
38, 40 
spot welds in boron-containing stainleas 
steels, 366 
stainless-steel fuel-element cladding tn 
VBWR tests, 354-5 
Critical assemblies, beryllium oxide -moderar 
types, 10-11 
fast-neutron types, 11-12, 211-12 
graphite-moderated type, 8-10, 209-10 
heavy-water type,\7-8, 209, 213-14 


Critical assemblies (Continued) 
light -water -moderated types, effects of 
variation of *“Pu concentration, 207-8 
noise analysis, 252 
solution type, 5-6 
zirconium hydride types, 211 
Critical assemblies (Peach Bottom), thorium 
resonance-capture studies, 10 
Critical assemblies (ZPR-II), comparison of 
experimental parameters with calculations, 
211-12 
reactivity-worth determination for various 
materials, 11 
Critical assemblies (ZPR-VII), uniform lattice 
experiments, 7-8 
Critical experiments, 4-13 
BORAX-V reactor, 206 
Critical mass, fast reactors, 114-16, 131-3 
Criticality, plutonium-solution studies, 5-6 
235 aqueous solutions, 6 
uranyl fluoride solutions, 6 
Croloy alloy, evaluation for gas-heated steam- 
generator construction, 65 
Cross sections, data for zirconium, 331 
fission products, calculations of change with 
time, 215-16 
neutron, Doppler effects in reactors, 329-30 
neutron absorption, for gold, 10 
for thorium, 10 
neutron capture, in fast reactors, 111-12 
for materials in fast reactors, 128-33 
for reactor poison materials, 216-18 
neutron fission, in fast reactors, 111-12 
16Q(:,p)'*N reaction, measurement, 220 


D-ring seals, for helium retention in Plutonium 
Recycle Test Reactor, 381-3 
Damping oils, radiation effects on use in reac- 
tor instruments, 52-3 
Demineralizers, comparison of Big Rock Point 
with Humboldt Bay plant, 79-81 
Density, plutonium carbide -uranium carbide 
fuel materials, 180 
uranium dioxide, changes during melting, 
362-3 
uranium dioxide fuel elements, effects on 
exposure lifetime in Shippingport core 2, 
199 
Departure from nucleate boiling 
See also Burnout 
burnout-limit studies, 18-26 
DNB-2 curve significance, 335-43 
Desalinization, economic aspects, 138-44 
heavy-water reactor cost studies, 87 
Design practices, 70-84, 276-312, 376-84 
Dielectrics, radiation effects on use in reactor 
instruments, 52-3 
Diffusion coefficients, fission products in 
uranium dioxide plates, 362 
Diffusion length, thermal neutrons in water, 
146-8 
Diffusion parameters, thermal neutrons, in 
graphite, 151-2 
in heavy water, 151 
in water, 148-50 
DNB 
See Departure from nucleate boiling 
Dome seals 
See Seals 
Doppler effect, effect on neutron-absorption 
resonance in SPERT reactor, 329 
reactivity effects in fast reactors, 122-4 
Dose (radiation) 
See Radiation dose 
Douglas Point Station 
See Reactors (CANDU) 
Dounreay Fast-Breeder Reactor 
See Reactors (Dounreay Fast -Breeder ) 
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Drive mechanisms 
See Control-rod drives 
Dry wells, Humboldt Bay Reactor containment- 
system design, 79 
Dual-purpose plants, electricity generation and 
water desalinization, 87, 142-4 
Ductility, boron-containing stainless steel, 
365-6 
Shippingport pressure vessel, fast-neutron 
effects, 193 
Dump valves 
See Valves 
Dysprosium, cross-section change with burnup 
in reactors, 216-18 


Economics, 1-3, 138-44 
CANDU Reactor, fuel management, 202-4 
canned-motor pump costs, 421 
dual-purpose electric power and water 
desalinization plants, 142-4 
electrical revenue effects on cost of water 
desalinization by reactors, 144 
fuel cycles for heavy-water -thorium breeder 
reactors, 410 
heavy-water reactors, review of recent de- 
velopments, 86-7, 89, 96 
large heavy-water pressure-tube re- 
actor, 403 
large organic-cooled heavy -water- 
moderated reactor, 405, 408 
Lithium-Cooled Reactor Experiment auxiliary 
systems, 384 
organic-cooled heavy-water -moderated re- 
actor, 408 
pressurized-water reactors with natural 
circulation, 421-2 
seed-blanket reactor designs, 429 
SENN Reactor, effects of partial reloading 
scheme, 202 
solid-fuel gasification, 1-3 
water desalinization, 138-44 
Zircaloy use in core structure of N.S. 
Savannah Reactor, 322-4 
Eggs, expected contamination from released 
fission products, 370-1 
Electric circuits, period meters, 51-2 
servomechanisms, 53 
switches, problems in control-rod drive of 
Consolidated Edison Thorium Reactor, 
314 
Electrical insulation 
See Insulation (electrical) 
Electromagnetic pumps 
See Pumps 
Electron-beam welding, fuel-element com- 
ponents, 358-9 
Enrico Fermi Fast-Breeder Reactor 
See Reactors (Enrico Fermi Fast-Breeder) 
Equipment, for fuel handling, 68 
Erbium, cross-section change with burnup in 
reactors, 216-18 
Erbium systems (Er-Eu), burnable-poison use 
studies, 217 
Erbium systems (Er-Gd), burnable-poison use 
studies, 217 
Europium, cross-section change with burnup in 
reactors, 216-18 l 
Europium systems (Cd-Eu), burnable -poison 
use studies, 217 
Europium systems (Er-Eu), burnable -poison 
use studies, 217 
Europium systems (Eu-Gd), burnable -poison 
use studies, 217 
Experimental Breeder Reactor I 
Sec Reactors (Experimental Breeder, H) 
Experimental Organic -Cooled Reactor 
Sec Reactors (Experimental Organic- 
Cooled) 


435 


Explosive compaction, tubular fuel elements, 
237-8 

Exponential experiments, 4-13 

Extrusion, tandem, stainless -steel-to-Zircaloy 
transition-joint preparation, 368-9 


F 


Fabrication 
See also specific processes, e.g., Bonding, 
Extrusion, and Swaging 
fuel assemblies for boiling-water reactors, 
27-42 
novel methods for fuel elements, 237-46 
Feedwater systems, BONUS Reactor, 307 
comparison of Big Rock Point with Humboldt 
Bay plant, 79-81 
Pathfinder Reactor, 289-90 
Fermi Fast-Breeder Reactor 
See Reactors (Enrico Fermi Fast-Breeder) 
Ferrule seals, for helium retention in 
Plutonium Recycle Test Reactor, 381-3 
Filters, 55, 58 
for fuel-transfer canal at Consolidated Edison 
Thorium Reactor, 313 
Fires, uranium, fission-product dispersal, 
370-1 
Fission gases 
See also specific isotopes, e.g., Iodine-131 
and Xenon-133 
pressure determination in uranium dioxide- 
filled fuel rods, 43-5 
release, by irradiated plutonium carbide — 
uranium carbide fuel materials, 181 
by irradiated plutonium oxide -uranium 
oxide systems, 178 
Fission products 
See also specific isotopes, e.g., Cesium-137 
and Strontium -90 
containment in New Production Reactor ac- 
cident, 266-7 
deposition from gas stream onto surfaces, 
temperature effects, 371 
effects on breeding ratio in fast reactors, 
116 
environmental hazards, 370 
evolution from irradiated uranium dioxide, 
359-62 
time-dependent concentration calculations, 
215-16 
turbine contamination problems ín super- 
heater reactors, 310 
Flowmeters, damped signals for, using surge 
suppressors in Plutonium Recycle Test 
Reactor, 383 
Fluid flow, 14-26, 154-65, 335-52 
axial- vs. cross-flow in steam generator 
design, 65 
rate measurement in flow channels of 
Plutonium Recycle Test Reactor, 383 
Fluoride ion, effects on Zircaloy-2 corrosion, 
356 
Foils, "Au, resonance capture studies, 10 
cadmium-covered gold, flux-traverse 
measurements in heavy-water lattices, 7 
SMn, resonance-capture measurements, 10 
eT hs resonance-capture measurements, 10 
vanadium, resonance-capture measurements, 
10 
Food, expected contamination from released 
fission products, 370-1 
French reactors 
See Reactors (Rapsodie) (France) 
Fretting corrosion, Zircaloy-clad fuel rods in 
VBWR tests, 29-30 
Fuel assemblies, Big Rock Point Power Reac- 
tor, variations of basic design, 37 
BONUS Reactor boiler, 296-8 
BONUS Reactor superheater, 298-301 
comparison of Big Rock Point_with Humboldt 
Bay) design, 73-6 
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Fuel assemblies (Continued) 
components, functional description of, 38, 43 
design for boiling-water reactors, 27-38 
fabrication for testing in VBWR, 27-38 
geometric effects on burnout, 23-6, 154-65 
irradiation testing in VBWR, 27-38 
large heavy-water pressure-tube reactor, 
401-2 
Pathfinder Reactor boiler, 279-80 
Pathfinder Reactor superheater, 279, 281-2 
uranium dioxide-fueled, fabrication and 
testing, 27-50 
Fuel-Cycle Program, 27-34 
fuel-element cladding tests in VBWR, 354-5 
fuel-element fabrication for irradiation 
testing in VBWR, 356, 357 
Fuel cycles, 201-5 
CANDU Reactor, 202-4 
costs, for Canadian and U. S. heavy-water 
reactors, 89, 97 
for heavy-water -thorium breeder sys- 
tem, 410 
fast reactors, 124-6 
plutonium, review of developments, 167-83 
plutonium-uranium mixture in water- 
moderated reactors, 203-5 
seed-blanket reactor designs, 429 
SENN Reactor, 202 
Fuel elements, 27-50, 167-83, 237-46, 354-63 
See also Fuel assemblies 
aluminum -plutonium, plutonium -content de- 
termination from reactivity coefficients, 
208 
annular multitube type, novel fabrication 
techniques, 241-2 
boron-containing types, 356-8 
containers, evaluation of Zircaloy use in 
N.S. Savannah Reactor , 322-4 
design problems for superheater reactors, 
310 
Experimental Boiling-Water Reactor, 
plutonium -bearing type, 172 
fabrication by novel methods, 237-46 
handling equipment, 68 
internal pressure, contributions of fission- 
product helium, 455-6 
organic-cooled heavy -water -moderated 
reactor, 408 
Pathfinder Reactor, end-closure fabrication, 
245-6 
plutonium-bearing, review of development, 
167-83 
Plutonium Recycle Test Reactor, 167-73 
Rapsodie Reactor, 167-9 
rejuvenation without reprocessing, 172-3 
rods, design for heavy-water reactors, 93 
rods fueled with uranium dioxide, novel 
fabrication techniques, 238-41 
Shippingport core 2 design, 197-8 
stainless-steel-cladding failure in Vallecitos 
Boiling-Water Reactor irradiations, 354-5 
thermionic water -cooled reactor, 102, 103-4 
tubular, design for heavy-water reactors, 94 
tubular, novel consolidation and bonding 
methods, 237-8 
uranium dioxide, core-melting effects on 
cladding failure, 46-8 
Zircaloy-2-clad, stainless-steel-lined types, 
356 
Fuel-transfer canals, Consolidated Edison 
Thorium Reactor, water clarity and leakage 
problems, 313 
Fuels 
See also specific fuel materials, e.g., 
Plutonium oxide (PuO:) and Uranium 
oxide (UO) 
cost bases used in CANDU Reactor design, 
202 
costs for seed-blanket reactor designs, 429 


expansion, reactivity effects in fast reactors, 
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management studies, 201-5 
plutonium -bearing, review of developments, 
167-83 


G 


Gadolinium, cross-section change with burnup 
in reactors, 216-18 
Gadolinium systems (Er-Gd), burnable-poison 
use studies, 217 
Gadolinium systems (Eu-Gd), burnable-poison 
use studies, 217 
Gas, pipeline, economics of synthesis using 
reactor heat, 1-3 
Gasification, solid fuels by reactor heat, 
economics, 1-3 
General Electric Test Reactor 
See Reactors (General Electric Test) 
Geometrical configurations, effects on burnout 
in multirod fuel assemblies, 23-6, 154-65 
rod-bundle burnout correlations, 226-7 
shielding studies, 220 
tubular burnout correlations, 227-34 
Gold, absorption cross section, 10 
foils, use in flux-traverse measurements in 
heavy-water lattices, 7 
Gold-197, foils, resonance -capture studies, 10 
Gold alloys (Au-Ni), brazing alloy use in heat 
exchanger for Molten-Salt Reactor Experi- 
ment, 375 
Graphite, neutron-diffusion parameters in, 
151-2 


Hafnium, control-rod studies in BeO subcritical 
assemblies, 10-11 
cross-section change with burnup in reactors, 
216-18 
Halden Boiling-Water Reactor 
See Reactors (Halden Boiling-Water) 
Hazards 
See Safety 
Heat exchangers, Molten-Salt Reactor Experi- 
ment, design and fabrication, 374-5 
U-tube type, for heavy-water reactors, 90-92 
Heat transfer, 14-26, 154-65, 223-35, 335-52 
burnout, in multirod geometries, 154-65 
in steam-water mixtures, 335-52 
burnout correlations, comparison of Russian 
and U. S. data, 223-35 
burnout limits for boiling-water reactors, 
14-26 
comparison of Big Rock Point with Humboldt 
Bay plant, 76 
data for large heavy-water pressure -tube 
reactor, 402 
fuel assemblies for boiling-water reactors, 
31, 36, 39-40, 42, 44 
nonuniformity in heated channels, effects on 
burnout, 343-52 
Heavy water 
Sec Water (D,O) 
Heavy -Water Components Test Reactor 
See Reactors (Heavy-Water Components 
Test) 
Heavy-Water Lattice Project, 7 
Heavy-water reactors 
Sec Reactors (heavy -water) 
Helium, content in fuel-element voids from 
ternary fission of “Uy 455-6 
seals for, in Plutonium Recycle Test Reac- 
tor, 381-3 
Helium system, NPD Reactor, 392 
“Hideout,” boron in chemical-shim control of 
pressurized-water reactors, 420 
High-Performance UO, Program, 38-50 
High-Power-Density Development Project, 
34-44 
fabrication-process studies, 243-4 


High-Temperature Gas-Cooled Reactor Exper:- 
ment 
See Reactors (ZENITH) 
Holmium, cross-section change with burnup r. 
reactors, 216-18 
HPD 
See High-Power-Density Developmert 
Project 
HPP 
See High-Performance UO, Program 
Humboldt Bay Power Reactor 
See Reactors (Humboldt Bay Power) 
Humidity, effects on control-rod-drive switch 
in Consolidated Edison Thorium Reactor, 3! 
Hydrostatic pressing, tubular fuel elements. 
237-8 


Impact strength 
See Ductility 
Implosive consolidation, tubular fuel elements, 
237-8 
Indium, cross-section change with burnup 12 
reactors, 216-18 
Indium alloys (Ag-Cd-In), cross-section chanm 
with burnup in reactors, 216-18 
In-pile loops, uranium dioxide fuel-assembly 
testing, 45-8 
Instrumentation, BONUS Reactor, 306 
comparison of Big Rock Point with Humboldt 
Bay plant, 81-3 
Pathfinder Reactor, 288 
period meters, time-constant studies, 51-2 
reactor control, 51-3 
Insulation (electrical), radiation effects on usc 
in reactor instruments, 52-3 
Insulation (thermal), “MinK” compressed-silici 
material, 326 
pressure tubes, 326 
Iodine, behavior in large containers, 58 
deposition on laboratory surfaces, 57-8 
removal from BEPO cooling system, 5é 
Iodine -131, deposition from gas stream onte 
surfaces, temperature effects, 371 
evolution from irradiated uranium dtozde. 
360-2 
release during uranium fire, 370-1 
lodine-132, release during uranium fire, 370-! 
Iodine-133, release during uranium fire, 370-! 
Jodine-134, release during uranium fire, 370-: 
Iodine -135, release during uranium fire, 370-: 
Ion exchange, PH control in Shippingport re- 
actor, 196 
Iron, neutron physics effects in fast reactors. 
128-33 
Iron alloys (Fe-Pu), preparation and testing, 
182 
Iron alloys (Fe-Pu) (liquid), properties, 182-3 
Iron oxides, reactivity effects in ZPR-II 
assembly, 11 
Iron systems (Fe-PuC-UC), fabrication and 
testing, 183 
Irradiation testing, alumina -boron carbide 
pellets, 367 
boron carbide — Zircaloy-2 systems, 367 
boron-containing stainless steel, 365-6 
fuel assemblies for boiling water reactors 
27-42, 44 
fuel elements in Fuel-Cycle Program. 3-. 
plutonium alloys, 180-2 
plutonium carbide -uranium carbide syste>.s 
176-80 
plutonium oxide -uranium oxide systems. 
169-78 
transition joints of Zircaloy to stainless 
steel, 368 
type 347 stainless steel. by fast nevtrors 
187-91 
uranium dioxide, 359-63 


Irradiation testing (Continued) 
Zircaloy-2-clad boron carbide systems, 368 
Zircaloy-2 -zirconium boride systems, 367 


J 


Joints 
See also Welds 
stainless -steel-to-Zircaloy, 401 
stainless -steel-to-Zircaloy, preparation by 
tandem extrusion, 368-9 


K 


Krypton, release during uranium fire, 370-1 


L 


Laboratories, iodine deposition on surfaces, 
57-8 
Large Power Reactor Program, 197 
seed-blanket reactor studies, 411, 422-31 
LCRE 
See Reactors (Lithium-Cooled, Experiment) 
Lead alloys (Bi-Pb) (liquid), expansion, re- 
activity effects in fast reactors, 122 
Lead telluride, thermoelectric power unit use, 
106 
Leak testing, dome-seal tube closures, 380-1 
Linings, stainless-steel, use under Zircaloy-2 
Cladding, 356 
Liquid metals 
See Metals (liquid) and specific metals, 
e.g., Bismuth alloys (Bi-Pb) (liquid) and 
Sodium (liquid) 
Lithium, cross-section change with burnup in 
reactors, 216-18 
Lithium (liquid), expansion, reactivity effects 
in fast reactors, 118-22 
LP-1 pump for, 269-72 
Lithium -Cooled Reactor Experiment 
See Reactors (Lithium-Cooled, Experiment) 
Los Alamos Molten-Plutonium Reactor Experi- 
ment 1 
See Reactors (Los Alamos Molten- 
Plutonium, Experiment I) 
LP-1 pump, design, for liquid metals, 269-71 
Lubricants, radiation effects on use in reactor 
instruments, 52-3 
Lutetium, cross-section change with burnup in 
reactors, 216-18 


M 


Magneform Mark I, swaging of fuel-element 
cladding to core, 242-3 
Magnesite, iodine removal by, 58 
Magnesium oxide systems (MgO-PuO,), fuel- 
use studies, 169-71 
Magnetic-pulse forming machine 
See Magneform Mark I 
Manganese-55, foils, resonance-capture 
measurements, 10 
Manipulators, for fuel handling, 68 
Mass flow, burnout studies of nonuniformly 
heated channels, 343-52 
Materials, 187-91, 365-9 
See also specific materials 
structural, effects on neutron physics of fast 
reactors, 128-33 
Mathematics, analysis of Doppler effects on 
neutron-absorption resonance, 329 
control-rod withdrawal program for large 
multiregion reactor, 331-2 
reactor noise analysis, 248-63 
time-dependent fission-product concentra- 
tion studies, 215-16 
Mechanical properties, boron-containing 
stainless steel, 365-6 
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cladding materials, 42 
fuel assemblies for boiling-water reactors, 
39 
hafnium control rods in Shippingport, 
neutron-exposure effects, 195-6 
transition joints of Zircaloy to stainless 
steel, 368 
type 347 stainless steel, fast-neutron ef- 
fects, 188-91 
Melting, uranium dioxide in fuel elements, 
effects on cladding failure, 46-8 
Melting point, uranium dioxide, 362-3 
Metals (liquid), pump designs, 372-4 
pumps for, 269-71 
Methanol, synthesis using reactor heat, 
economics, 1-3 
Milk, expected contamination from released 
fission products, 370-1 
“MinK” 
See Insulation (thermal) 
ML-1 Reactor 
See Reactors (ML-1) 
Moderator -level control, 385-99 
Moisture separators, 55 
Molybdenum, neutron physics effects in fast 
reactors, 128-33 
Molybdenum alloys (Mo-Pd-Pu-Rh-Ru-U-Zr), 
irradiation testing for use in Experimental 
Breeder Reactor Il, 180-2 
Molybdenum alloys (Mo-Pu-U), swelling 
during irradiation, 181 
Molybdenum systems (Mo-PuOQ,), preparation, 
183 
properties, 183 


Neutron economy, heavy-water reactors, 85-6 
Neutrons, age measurements in water, 331 
cross sections, Doppler effects in reactors, 
329-30 
effects, on ductility of Shippingport pressure 
vessel, 193 
on tensile properties of hafnium control 
rods in Shippingport, 195-6 
energy spectra for fast reactors, 108-10 
fast, effects on type 347 stainless steel, 
187-91 
number produced by fission of various ele- 
ments by 1.5-Mev neutrons, 112 
physics, considerations in large fast reac- 
tors, 107-34 
pulsed-source, criticality studies on 
plutonium solutions, 5-6 
thermal, diffusion parameters, 145-52 
thermalization, 331 
New Production Reactor 
See Reactors (New Production) 
Nickel, neutron physics effects in fast reactors, 
128-33 
reactivity effects in ZPR-HI assembly, 11 
Nickel alloys (Au-Ni), brazing-alloy use in 
heat exchanger for Molten-Salt Reactor 
Experiment, 375 
Nickel alloys (Ni-Pu) (liquid), properties, 
182-3 
Nickel oxides, reactivity effects in ZPR-II 
assembly, 11 
Niobium, neutron-physics effects in fast re- 
actors, 128-33 
Niobium systems (Nb-PuC-Zr), properties, 183 
Niobium systems (Nb-PuO,-Zr), properties, 
183 
Noise, reactor, analysis of, 248-63 
NPD Reactor 
See Reactors (NPD) 
Nuclear Power Demonstration Reactor 
See Reactors (NPD) 
Nuclear reactions, *O(n.p)'*N, cross-section 
measurements, 220 
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O-ring seals, for helium retention in Plutonium 
Recycle Test Reactor, 381-3 
Oils, damping, radiation effects on use in 
reactor instruments, 52-3 
Operating experience, 193-6, 276-312, 385-99 
Consolidated Edison Thorium Reactor, 313-15 
Experimental Boiling-Water Reactor, 317-20 
Heavy-Water Components Test Reactor, 
316-17 
NPD Reactor, 391-3, 398-9 
Plutonium Recycle Test Reactor, 315-16, 
386-91, 393-8 
Shippingport Pressurized-Water Reactor, 
193-6 
Organic compounds, radiation effects on use in 
reactor instruments, 52-3 
Organic coolants, effects on zirconium alloys, 
324-5 
ORGEL Program, 97 


P 


Palladium alloys (Mo-Pd-Pu-Rh-Ru-U-Zr), 
irradiation testing for use in Experimental 
Breeder Reactor II, 180-2 

Pathfinder Power Reactor 

See Reactors (Pathfinder Power) 

Pawling Lattice Test Rig 

See Reactors (Pawling Lattice Test Rig) 
Period meters, time-constant studies, 51-2 
pH, control in reactors using boric acid shim 
in primary coolant, 418-19 
control system for Shippingport coolant 
water, 196 
Physical Constants Testing Reactor 
See Reactors (Physical Constants Testing) 
Physical properties, uranium dioxide, 360, 
362-3 
uranium dioxide —zirconium dioxide plates, 
362 
Physics, 4-13, 145-52, 206-20, 329-32 
neutron, considerations in large fast reac- 
tors, 107-34 
Plutonium, recycling in breeder reactors, 
equilibrium composition of fuel, 127 
recycling study for water-moderated reac- 
tors, 203-5 
thermal breeder reactor studies, 409-11 
Plutonium-239, breeding potential in various 
reactors, 113 
critical concentrations of aqueous solutions, 6 
fission products, time-dependent concentra- 
tion studies, 215-16 
fission-rate measurements in graphite, 10 
fission ratio to ?'U in graphite systems, 10 
fission-ratio measurements in ZPR-HI, 11 
neutron capture-to-fission ratio, 111 
neutron fission cross sections, 111 
neutron production in fission by 1.5-Mev 
neutrons, 112 

Plutonium-239 systems (?*Pu-Th), fuel cycle 
for breeder reactors, 124-6 

Plutonium-239 systems (”*Pu-*U), critical 

mass, fast reactor studies, 115 
fuel cycle for breeder reactors, 124-6 
Plutonium -240, concentration effects on 
criticality of ight-water assemblies, 207-8 
fast-fission bonus to breeding in various 
reactors, 113 
fission-ratio measurements in ZPR-IIl 
assembly, 11 
neutron fission cross sections, 111 
neutron production in fission by 1.5-Mev 
neutrons, 112 
Plutonium-241, breeding potential in various 
reactors, 113 
neutron cross sections, Doppler -broadening, 
330 
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Plutonium-241 (Continued) 
neutron production in fission by 1.5-Mev 
neutrons, 112 
Plutonium-242, fast-fission bonus to breeding 
in various reactors, 113 
Plutonium alloys, testing, 181-3 
Plutonium alloys (Al-Pu), spike enrichment 
element for Plutonium Recycle Test Reac- 
tor, 169, 181 
Plutonium alloys (Bi-Pu), preparation and 
testing, 182 
Plutonium alloys (Ce-Co-Pu) (liquid), 
properties, 182-3 
Plutonium alloys (Co-Pu), preparation and 
testing, 182 
Plutonium alloys (Co-Pu) (liquid), properties, 
182-3 
Plutonium alloys (Fe-Pu), preparation and 
testing, 182 
Plutonium alloys (Fe-Pu) (liquid), properties, 
182-3 
Plutonium alloys (Mo-Pd-Pu-Rh-Ru-U-Zr), 
irradiation testing for use in Experimental 
Breeder Reactor I, 180-2 
Plutonium alloys (Mo-Pu-U), swelling during 
irradiation, 181 
Plutonium alloys (Ni-Pu) (liquid), properties, 
182-3 
Plutonium alloys (Pu-Th), preparation and 
testing, 182 
Plutonium alloys (Pu-U), fuel-cycle studies 
for water -moderated reactors, 203-5 
preparation and testing, 182 
Plutonium alloys (Pu-Zr), irradiation testing, 
182 
Plutonium carbide systems (Fe-PuC-UC), 
fabrication and testing, 183 
Plutonium carbide systems (Nb-PuC-Zr), 
properties, 183 
Plutonium carbide systems (PuC-UC), fabrica- 
tion, 175-80 
properties, 180 
Plutonium nitrates, criticality measurements 
on solutions, 5-6 
Plutonium nitride systems (Pu-PuN), proper- 
ties, 183 
Plutonium nitride systems (PuN-W), properties, 
183 
Plutonium oxide (PuO,), preparation, 167-9, 
174 
Plutonium oxide systems (MgO-PuO,), fuel use 
studies, 169-71 
Plutonium oxide systems (Mo-PuO,), prepara- 
tion, 183 
properties, 183 
Plutonium oxide systems (Nb-PuO,-Zr), 
properties, 183 
Plutonium oxide systems (PuO,—stainless 
steel), preparation, 183 
Plutonium oxide systems (PuO,-UO,), fuel- 
element development, 167-75 
irradiation testing, 173-5 
Plutonium oxide systems (PuO,-UO, -stainless 
steel), fabrication and testing, 183 
Plutonium oxide systems (PuO,-W), properties, 
183 
Plutonium oxide systems (PuO,-Zr), proper- 
ties, 183 
Plutonium Recycle Test Reactor 
See Reactors (Plutonium Recycle Test) 
Plutonium systems (Pu-PuN), properties, 183 
Poisons (reactor), BORAX-V critical experi- 
ments, 206 
boron, incorporation into fuel elements, 
356-8 
use in experimental fuel assemblies, 34-5 
cross-section change with burnup, 216-18 
flat-region critical experiment studies, 4-5 
reactor control augmentation by, 207 
shim elements, for BONUS Reactor, 301-3 
for Pathfinder Power Reactor, 282-4 
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soluble chemical-shim use in primary 
coolant of pressurized-water reactors, 
411-21 
Portable power plants 
See also Reactors (ML-1) 
thermionic type, design, 99-105 
Power spectral density, reactor noise-analysis 
studies, 250-51, 254-55 
Pressing, hydrostatic, tubular fuel elements, 
237-8 
Pressure, control in Pathfinder Reactor, 288 
effects on gas-heated steam-generator de- 
sign, 65 
fission gases in uranium dioxide-filled fuel 
rods, 43-5 
Pressure tubes, design for large reactor plant, 
402 
dome -seal tube-closure design, 379-81 
insulation, 326 
Pressure vessels, BONUS Reactor, 294-6, 
303-6 
comparison of Big Rock Point with Humboldt 
Bay design, 72, 79 
Experimental Boiling-Water Reactor, 
modification for 100-Mw(t) operation, 318 
Pathfinder Reactor, 284-8 
seed-blanket reactor design, 425-6 
Shippingport, neutron-induced embrittle- 
ment, 193 
thermionic water-cooled reactor, 101, 103 
Process Development Pile 
See Reactors (Process Development Pile) 
Process-heat reactors 
See Reactors (process -heat) 
Pumps, canned-motor type, costs for 
pressurized-water reactors, 421 
canned type for high-temperature organic 
liquids, 67-8 
electromagnetic, helical-rotor design, 65-8 
for liquid metals, 269-71 
diaphragm type, 372-3 
two-stage centrifugal-displacement type, 
372-4 
primary coolant, problems in Plutonium 
Recycle Test Reactor, 315-16 
PWL loop, uranium dioxide fuel-assembly 
testing, 45-8 


Radiation control, 54-9, 265-7, 370-1 
Radiation dose, environmental, from fission 
product release, 370-1 
Radiation effects 
See also Irradiation testing 
transducer components, 52-3 
Radiation protection standards, emergency 
exposure to released fission products, 
371 
ML-1 reactor, 218-19 
Rapsodie Reactor (France) 
See Reactors (Rapsodie) (France) 
Reactivity, changes with burnup of poison 
materials, 216-18 
control, in BORAX-V by poison rods, 206 
by chemical shim in primary coolant of 
pressurized-water reactors, 411-21 
control in Pathfinder Reactor, 288 
effects of Doppler broadening of neutron- 
absorption resonance, 329 
long-term effects in fast reactors, 116-17 
Plutonium Recycle Test Reactor, moderator- 
level effects, 394-6 
shutdown, determination by reactor noise 
analysis, 254-6 
Reactivity coefficients, Consolidated Edison 
Thorium Reactor, 314-15 
fast-reactor safety studies, 118-24 
NPD Reactor, design vs. measured values, 
398 


Reactivity lifetime, plutonium -uranium mit-::- 
in water-moderated reactors, 203-5 
Reactivity parameters, fertile materials, 112 
fissile materials, 112 
Reactor control 
See Control-rod drives, Control rods, ax 
Control systems 
Reactors 
See also Critical assemblies 
noise analysis, 248-63 
Reactors (BEPO), iodine removal from cool: 
system, 56 
Reactors (Big Rock Point Power), design coz- 
parison with Humboldt Bay Power Reac- 
tor, 70-84 
High-Power-Density Development Project. 
34-44 
Reactors (boiling-superheater ) 
See also Reactors (BONUS) and Reactors 
(Pathfinder Power) 
annular multitube fuel-element developme=:. 
241-2 
Reactors (boiling water) 
See also Reactors (BONUS), Reactors 
(BORAX), Reactors (Experimental BoiLag- 
Water), Reactors (Halden Boiling-Wateri. 
Reactors (Humboldt Bay Power), Reactors 
(Pathfinder Power), Reactors SENN), ari 
Reactors (Vallecitos Boiling- Water) 
burnout limits, 14-26 
comparison of Big Rock Point with Humbalx 
Bay design, 70-84 
critical experiments, 206-7 
fuel-assembly fabrication and testing, 27-44 
uranium oxide fuel-life studies, 27-34 
void-content measurements, 7 
Reactors (BONUS), construction, 292-309 
critical experiments, 5 
design, 292-309 
design comparison with Pathfinder Reactor. 
310-12 
Reactors (BORAX-I), chemical-shim use in 
primary coolant, 411 
Reactors (BORAX-III), chemical-shim use in 
primary coolant, 411 
Reactors (BORAX-V), critical experiments. 1% 
exponential experiment, void-distribution 
studies, 7 
Reactors (breeder) 
See also Reactors (converter), Reactors 
(Dounreay Fast-Breeder), Reactors (Enr:cc 
Fermi Fast-Breeder), Reactors (Experi- 
mental Breeder, II), and Reactors (seed- 
blanket) 
breeding potential of various fissile tsotapes. 
113 
fuel cycle, 124-6 
fuel recycling, 127 
heavy-water thorium-™u system, 406-11 
heavy-water uranium-plutonium system. 
406-11 
water desalinization by, 38-9, 141 
Reactors (CANDU) (Canada), design, 89-92 
dome -seal tube-closure design, 379-81 
fuel cycle, 202-4 
iodine removal in, 58 
moderator-level control, 399 
Reactors (Carolinas-Virginia Tube), power 
cost estimates, 86-7, 89 
pressure-tube design, 326 
prototype of large-reactor plant, 401-5 
Reactors (Consolidated Edison Thorium), op- 
erating experience, 313-15 
Reactors (converter), seed-blanket design 
studies, 197-8, 422-31 
Reactors (Dounreay Fast- Breeder), noise anii- 
sis, 260-1 
Reactors (Enrico Fermi Fast-Breeder), breti- 
ing potential of various fissile isotopes, 11) 
core B mockup studies in ZPR-UI assembt. 
11 


Reactors (Experimental Boiling- Water), 
chemical-shim use in primary coolant, 411 
operating experience at 100 Mw(t), 317-20 
plutonium-bearing core fabrication, 172 

Reactors (Experimental Breeder, I), breeding 
potential of various fissile isotopes, 113 

Reactors (Experimental Gas-Cooled), control- 

rod design, 376-7, 378 
lattice studies using Physical Constants 
Testing Reactor, 210 
Reactors (Experimental Organic- Cooled), 
canned-pump development, 67-8 
pressure-balanced control rod, 274 

Reactors (fast) 

See also Reactors (Dounreay Fast- 
Breeder), Reactors (Enrico Fermi Fast- 
Breeder), Reactors (Experimental 
Breeder, ID, and Reactors (Los Alamos 
Molten-Plutonium, Experiment I) 

breeding potential of various fissile isotopes, 
113 

critical mass, 114-16 

neutron-balance studies, 113 

neutron physics, 107-34 

safety characteristics, 117-24 

water desalinization by, 138-9, 141 

Reactors (gas-cooled) 

See Reactors (Experimental Gas-Cooled), 
Reactors (ML-1), and Reactors (ZENITH) 
Reactors (General Electric Test), plutonium 
oxide —uranium oxide fuel irradiations, 
173-5 
uranium dioxide fuel-assembly testing, 45-8 

Reactors (Halden Boiling-Water), noise mea- 
surements, 260 

Reactors (heavy-water) 

See also Reactors (CANDU), Reactors 
(Carolinas-Virginia Tube), Reactors 
(Heavy-Water Components Test), Reac- 
tors (NPD), Reactors (organic-cooled 
heavy -water-moderated), Reactors (Plu- 
tonium Recycle Test), Reactors (Process 
Development Pile), Reactors (Spectral Shift 
Control), Reactors (Whiteshell, No. 1)(WR- 
1), and Reactors (Zero Energy Experimen- 
tal Pile) 

large-plant designs, 401-11 

review of recent developments, 85-97 

Tripartite Organic-Cooled Heavy-Water 
Reactor Meeting, 324 

water desalinization by, 87, 139-41 

Reactors (Heavy-Water Componente Test), 
drive problems for control and safety rods, 
316-17 

Reactors (heavy -water-moderated organic- 

cooled) 
See Reactors (organic-cooled heavy-water 
water -moderated) 

Reactors (High-Temperature Gas-Cooled Reac- 

tor Experiment) f 
See Reactors (ZENITH) 

Reactors (Humboldt Bay Power), design com- 
parison with Big Rock Point Power Reactor, 
70-84 

Reactors (liquid-metal-fuel), fuel-alloy studies, 
182-3 

Reactors (Lithium-Cooled, Experiment), aux- 
iliary systems design, 384 

Reactors (Los Alamos Molten- Plutonium, Ex- 
periment D, fuel-alloy studies, 182-3 

Reactors (ML-1), shield design, 218-20 

Reactors (Molten-Salt, Experiment), heat ex- 
changer, design and fabrication, 374-5 

Reactors (New Production), maximum credible 

accident, 267 
vented-containment concept, 265-7 
Reactors (NPD), moderator-level control, 
391-3 
operating experience with moderator-level 
control, 398-9 
power cost estimates, 86-7, 89 
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Reactors (N.S. Savannah), evaluation of a 
Zircaloy core structure, 322-4 
Reactors (organic-cooled) 
See also Reactors (Whiteshell, No. 1) 
(WR-1) 
Tripartite Organic-Cooled Heavy- Water 
Reactor Meeting, 324 
Reactors (organic-cooled heavy-water-moder- 
ated) 
See also Reactors (Whiteshell, No. 1) 
(WR-1) 
design, 95-7 
large-plant design, 405-6, 407, 408 
Reactor (Pathfinder Power), boron control-rod 
design, 365-7 
construction, 276-92 
control-rod-drive design, 274-5 
design, 276-92 
design comparison with BONUS Reactor, 
310-12 
fuel-rod end-closure development, 245-6 
lattice experiments for second-generation 
core, 6-7 
recirculation-piping design, 384 
Reactors (Pawling Lattice Test Rig), heavy- 
water lattice measurements, 213 
Reactors (Physical Constants Testing), critical 
experiments, 4-5, 6 
heavy-water lattice measurements, 213 
lattice studies of Experimental Gas-Cooled 
Reactor, 210 
Reactors (Plutonium Recycle Test), coolant 
flow-rate determination, 383 
dome type nozzle seals, 379 
fuel elements, 167-73 
moderator-level control, 385-91 
operating experience with moderator-level 
control, 393-8 
primary coolant pump problems, 315-16 
Reactors (pressure-tube) 
See also Reactors (CANDU), Reactors 
(Carolinas-Virginia Tube), Reactors (New 
Production), Reactors (Plutonium Recycle 
Test), and Reactors (Whiteshell, No. 1) 
(WR-1) 
component design, 379-83 
large-plant design, 401-5 
Reactors (pressurized-water) 
See also Reactors (N.S. Savannah), Reac- 
tors (Saxton Power), Reactors (Shipping- 
port Pressurized-Water), Reactors 
(Spectral Shift Control), Reactors (SPERT), 
and Reactors (Yankee Power) 
chemical-shim use in coolant system, 
411-21 
Large Power Reactor Program, 422-31 
natural-circulation startup studies, 421-2 
Reactors (Process Development Pile), buckling- 
measurement studies of heavy-water lattices, 
212-13 
Reactors (process-heat), costs of heavy-water 
type, 87 
solid-fuel gasification, economics, 1-3 
Reactors (Rapsodie)(France), fuel-element 
development, 167-9, 181 
Reactors (Saxton Power), operation with boric 
acid shim in primary coolant system, 420-1 
Reactors (seed-blanket), economic comparison 
with other water-cooled reactors, 429-30 
Large Power Reactor Program, design stud- 
ies, 422-31 
Reactors (SENN) (Italy), partial-reloading 
scheme, 201-2 
Reactors (Shippingport Pressurized-Water), 
core 2 design, 197-200 
operating experience over past five years, 
193-6 
Reactors (sodium-cooled), throttle-valve de- 
sign, 271 
Reactors (Sodium, Experiment), safety rod 
drop-time experiments, 377, 379 
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Reactors (Spectral Shift Control), critical ex- 
periments, 8 
economic comparison with other water- 
cooled reactors, 429-30 
lattice measurements, 212 
Reactors (SPERT), Doppler broadening of 
neutron-absorption resonance, 329 
Reactors (superheater) 
See also Reactors (boiling-superheater), 
Reactors (BONUS), Reactors (Consolidated 
Edison Thorium), and Reactors (Pathfinder 
Power) 
design problems, 310-12 
Reactors (thermionic, water-cooled), design, 
99-105 
Reactors (University of Florida Training), 
noise-analysis studies, 253-4 
Reactors (Vallecitos Boiling- Water), fuel- 
assembly testing, 27-38 
Fuel-Cycle Program for fuel-element irra- 
diation testing, 354-5, 356 
Reactors (water-cooled, thermionic) 
See Reactors (thermionic, water-cooled) 
Reactors (Whiteshell, No. 1)(WR-1), 97 
design, 324-5 
pressure-tube design, 326 
Reactors (Yankee Power), chemical-shim use 
in primary coolant, 411 
Reactors (ZENITH), reactivity, temperature 
coefficient studies, 9 
Reactors (Zero Energy Experimental Pile), 
heavy-water lattice measurements, 213 
Recirculation system, BONUS Reactor, 
306-7 
Pathfinder reactor, 288-9, 384 
Recycling, plutonium, equilibrium composition 
of fuel, 127 
Refueling, bidirectional method for CANDU 
Reactor, 202-4 
large heavy-water pressure-tube reactor, 
401-2 
partial-reloading scheme for SENN reactor, 
201-2 
Resonance integral, fertile isotopes, 214-15 
Rhenium alloys (Mo-Pd-Pu-Rh-Ru-U-Zr), ir- 
radiation testing for use in Experimental 
Breeder Reactor II, 180-2 
Rejuvenation, fuel elements without repro- 
cessing, 172-3 
Reliability, servomechanisms, 53 
Ruthenium-106, deposition from gas stream 
onto surfaces, temperature effects, 371 
emission from irradiated uranium dioxide, 
361 
release during uranium fire, 370-1 
Ruthenium alloys (Mo-Pd-Pu-Rh-Ru-U-Zr), 
irradiation testing for use in Experimental 
Breeder Reactor II, 180-2 


S 


Safety 
See also Containment and Control systems 
comparison of Big Rock Point with Humboldt 
Bay plant, 79, 81-4 
fast reactors, 117-24 
Shippingport shutdown record over past five 
years, 195 
Safety rods, Sodium Reactor Experiment, drop- 
time measurements, 377, 379 
Saline water 
See Water (saline) 
Samarium, cross-section change with burnup 
in reactors, 216-18 
Santowax, pump development for, 67-8 
SAP 
See Sintered aluminum powder 
Savannah River Plant, ventilation-filtering sys- 
tems, 55 
Scrubbers, iodine removal by, 57-8 
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Seals, distortion in coolant pumps of Plutonium. 

Recycle Test Reactor, 315-16 

dome type for pressure-tube closure, 379-81 
for helium retention in Plutonium Recycle 

Test Reactor, 381-3 

for liquid-metal pumps, 269-70 
Seed-blanket reactors 

See Reactors (seed-blanket) 

Seed-blankets, Shippingport core 2 design, 
197-8 
SEF 
See Steam-energy flow 
SENN Reactor (Italy) 
See Reactors (SENN) (Italy) 
Servomechanisms, reliability studies, 53 
Shielding, geometrical attenuation factors, 220 
ML-1 Reactor, 218-20 
1N activity studies, 220 

Shutdown reactivity, determination by reactor 
noise analysis, 254-6 

Shutdowns, effects of Doppler broadening of 

neutron-absorption resonance, 329 

six-month operating history of Consolidated 
Edison Thorium Reactor, 313 
Silica, thermal-insulation use for pressure 
tubes, 326 

Silicon carbide systems (B,C-SiC), corrosion, 
367-8 

Silicon carbide systems (B,C-SiC)(Zircaloy-2- 
clad), irradiation testing, 368 

Silver, cross-section change with burnup in 
reactors, 216-18 

Silver alloys (Ag-Cd-In), cross-section change 
with burnup in reactors, 216-18 

Sintered aluminum powder, cladding use in 

organic-cooled heavy-water- moderated 

reactor design, 405 

compatibility with organic coolants, 95 
fuel-element cladding, 242 

in WR-1 reactor, 324-5 
Siting, 265-7, 370-1 
Skin, radiation dose from released fission 

products, 370-1 
Sodium, reactivity effects in ZPR-III assembly, 
11 
Sodium (liquid), expansion, reactivity effects in 
fast reactors, 118-22 
throttle vaives for, 271 
Sodium void coefficient, effects of structural 
materials in fast reactors, 131-3 
reactivity effects in fast reactors, 118-22 
Space power units, design of thermoelectric 
type, 106 
Special Power Excursion Reactor Test 
See Reactors (SPERT) 
Spectral Shift Control Reactor 

See Reactors (Spectral Shift Control) 
SPERT Reactor 

See Reactors (SPERT) 

Sprays, water, iodine removal from air by, 56-7 
Stack disposal, BONUS Reactor, 309 
Pathfinder Reactor, 292 
Stainless-steel systems (B,C -stainless steel), 
corrosion testing, 367 
Stainless-steel systems (PuO,— stainless steel), 
preparation, 183 
Stainless-steel systems (PuO,- UO, —stainless 
steel), fabrication and testing, 183 
Stainless steels, joining to Zircaloy, 401 
by tandem extrusion, 368-9 
uranium and plutonium solutions, 5-6 
reactivity effects in ZPR-OI assembly, 11 
Stainless steels (304), cladding of fuel as- 
semblies for boiling-water reactors, 27-34 
cladding of fuel elements, failure by crack- 
ing in Vallecitos Boiling-Water Reactor 

tests, 354-5 

ultrasonic inspection of tubing, 246 
Stainless steels (304L), boron-containing, con- 
trol rod use in Pathfinder Power Reactor, 

365-6 
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boron-containing, mechanical properties 
after irradiation, 366-7 
lining of Zircaloy-2-clad fuel elements for 
corrosion protection, 356 
ultrasonic inspection tubing, 246 
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Foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission. Its purpose is 
to assist interested organizations in the task of keeping abreast of new results in reactor 
technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports that 
are judged noteworthy in the fields of power-reactor research and development, power- 
reactor applications, design practice, and operating experience. It is not meant to be a 
comprehensive abstract of all material published during the quarter, nor is it meant to be 
a treatise on any part of the subject. However, related reports from different sources ar2 
often treated together to yield reviews having some breadth of scope, and background 
material may be added to place recent developments in perspective. Occasionally the re- 
views are written by guest authors. Reviews having unusual breadth or significance are 
placed at the front of the issue as Feature Articles. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Reviews, 
the overlaps will be motivated by this objective of viewing current progress through the 
eyes of the reactor designer. 

A degree of critical appraisal and some interpretation of results are often necessary to 
define the significance of reported work. Any such appraisal or interpretation represents 
only the opinion of the reviewer and (in the usual case, when the review is written by 
Combustion Engineering, Inc., Nuclear Division staff) the Editor. When the review is 
predominantly interpretive the reviewer is named; unless identified as a guest author, he 
is a member of the Combustion Engineering, Inc., Nuclear Division staff. Readers are 
urged to consult the original references to obtain all the background of the work reported 
and to obtain the interpretation of the results given by the original authors. 

For timely coverage, Power Reactor Technology must often review fragmentary mate- 
rial. The fixed subject headings listed below have been adopted in the hope of maintaining 
some continuity and order in the material from one issue to another: all reviews except 
Feature Articles will be arranged under these headings. A particular issue will not neces- 
sarily contain all the headings but only those under which material is reviewed. 


Economics, Applications, Programs Systems Technology 

Resources and Fuel Cycles Components 

Physics Design and Construction Practice 
Fluid and Thermal Technology Operating Experience 

Fuel Elements Specific Reactor Types 
Materials Specific Applications 

Control and Dynamics Unconventional Approaches 


Containment, Radiation Control, and Siting 


W. H. Zinn, Vice-President 
J. R. Dietrich, Editor 
Combustion Engineering, Inc. 
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| Introduction 


Power Reoctor Technology 


Of the massive information collection produced 
by the Third United Nations International Con- 
ference on the Peaceful Uses of Atomic En- 
ergy, an important fraction deals with specific 
power-reactor types, with the progress made 
in their development, and with the experience 
gained in building and operating individual re- 
actors of the various types. This entire issue 
of Power Reactor Technology is devoted to a 
review of that information.* More general re- 
views of the conference have been published 
elsewhere, notably in Nucleonics' and Nuclear 
News. 

Because of the special nature of this issue, 
the usual section headings as given in the Fore- 
word do not appear. Instead, each of the follow- 
ing sections is on a particular reactor type. 

Of the reactor types under serious devel- 
opment, two can be said to have achieved 
commercial acceptance: the “water” reactors 
(pressurized and boiling H,O) and the “Magnox” 
gas-cooled reactors. The heaviest building 
commitments have been made in the latter type, 
amounting, through 1968, to over 5000 Mw/(e) 


in the United Kingdom and some 1300 Mw(e) in © 


France. The application of the prestressed con- 
crete pressure vessel to this reactor type has 
done much to improve its potentialities, with 
respect to both size and operating pressure. 
Nevertheless, it appears that other types will 
replace it in future building plans, at least in 
the United Kingdom. Whether the replacement 
type will be its direct descendant, the advanced 
gas-cooled reactor, is not clear at this time. 
The water reactors are still in a state of 
vigorous development, and it appears that, in 


*The Conference papers are to be published in 
bound form. Meanwhile, the papers are available and 
can be obtained from the sources listed on the pre- 


ceding page. 


the economic climate of the United States, it 
will be difficult for another reactor type ‘o re- 
place them so long as the basic costs of par- 
tially enriched nuclear fuels do not rise much 
above current levels. In the economic competi- 
tion between the boiling- and pressurized- 
water types, it is difficult to detect a clear 
basic advantage of one over the other at the 
moment, although the rapid trend to plants of 
very high output may favor the pressurized- 
water type in the long run. 

Another group of reactor types, each of which 
is represented by one or two bona fide power- 
generating plants, mostly in the lower capacity 
ranges, might be said to be in the “demonstra- 
tion” stage. The most advanced of these are the 
Russian graphite-moderated superheat reactor 
(Beloyarsk) and the pressure-tube D,O reactor 
[for each of which commitments have been 
made for a follow-on reactor in the 200-Mw(e) 
range] and the sodium-graphite reactor. The 
advanced gas-cooled reactor and the organic- 
moderated reactor also fall in this group. How- 
ever, in regard to the latter, indications are 
that the future of organic liquids in central- 
station reactors lies in their use as coolants 
for D,O-moderated reactors. The interesting 
variation on the organic-moderated concept 
represented by the Russian ARBUS reactor ap- 
pears to be directed specifically to remote- 
station applications. 

The remaining rather large group of reactor 
types under serious development cannot be said 
to be “demonstrated” in terms of prototypes 
of commercial versions. Some are very close 
to that stage, however. The integral nuclear 
superheat concept awaits only the full-scale 
operation of the BONUS and Pathfinder plants 
to enter the “demonstration” stage: both of 
these plants are currently in the process of 
startup. The heavy-water reactor of the 
pressure-vessel type is represented by two 
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operating plants: the Halden Boiling Water Re- 
actor that produces process steam, and the 
Agesta plant, a pressurized heavy-water plant 
that produces 10 Mw of electricity along with 
hot water for space heating. It would be stretch- 
ing a point, however, to call these demonstra- 
tion plants in the sense of the word used here; 
for the proposed characteristics of the com- 
mercial version, as exemplified by the Marviken 
plant, involve substantial extrapolations in sev- 
eral areas. The high-temperature gas-cooled 
type has been critical (the Dragon reactor), and 
the Peach Bottom plant is under construction; 
the latter is intended as a prototype. At least 
three versions of D,O-moderated pressure- 
tube reactors utilizing coolants other than D,O 
are under serious development; the coolants 
used are H,O (boiling liquid, fog, or steam), 
organic, and gas. Experimental reactors having 
the latter two coolants are being built. 

The position of the fast-breeder reactor is 
a little hard to classify, but it can hardly be 
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said to have reached the demonstration stage 
despite the facts that it was first used to pro- 
duce electric power in 1951, that a plant of 
moderately large output (Dounreay) has beer. 
in operation for some time, and that a large 
commercial plant (the EFFBR) is in process of 
startup. This is primarily because a fuel ac- 
ceptable for commercial operation has not yet 
been demonstrated. Nevertheless, of all the re- 
actor types, the fast breeder is probably the 
one of most universal interest, and continuing 
strong development efforts are foreseen for the 
future. 

In the following sections the preceding rather 
brief remarks are expanded, and the status of 
each of the reactor types is reviewed on the 
basis of the information presented at Geneva. 


References 


1. Nucleonics, 22(10): (October 1964). 
2. Nucl. News, 7(10): (October 1964). 
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Boiling and Pressurized 


I! Light-Water Reactors 


Power Reactor Technology 


The nonmilitary land-based boiling and pres- 
surized light-water-moderated reactors of the 
world, other than the purely experimental ones, 
are listed in Table II-1. The table includes the 
more important reactors under construction as 
well as the reactors in operation. These reac- 
tor types are the ones of most interest, and the 
best known, in the United States; indeed, with 
the exception of the Russian reactor at Voro- 
nezh, all the reactors in Table II-1 were de- 
signed either by U. S. firms or with their as- 
sistance. Because these types have been covered 
most thoroughly by Power Reactor Technology 
in the past, this review of the many Geneva 
papers on light-water reactors is abbreviated 
in favor of greater coverage for the reactor 
types less well known in the United States. The 
major past reviews in Power Reactor Technol- 
ogy, of design and operating experience for 
specific water-moderated reactors, may be 
located by means of Table II-2. 


Operating Experience 


The operating experience with Yankee, the 
CETR, Saxton, and Shippingport is detailed in 
Ref. 1, and Ref. 2 covers operating experience 
with the Dresden, Big Rock Point, and Humboldt 
Bay reactors. References 3 and 4 discuss pre- 
liminary operating experience with the Russian 
pressurized-water reactor, WWER. Operating 
experience with Shippingport, Yankee, the CETR, 
and Dresden has been reviewed in past issues 
of Power Reactor Technology, as indicated in 
Table II-2. Much of the information contained in 
Refs. 1 and 2 on Shippingport, Yankee, Dresden, 
and the CETR has been covered in these re- 
views, but Ref. 2 also contains significant in- 
formation on the Big Rock Point and Humboldt 
Bay reactors. Both of these reactors went into 
commercial operation in late 1963 and have had 


By John S. Wiley 


availability factors of about 95% through the end 
of the year, a period which did not involve re- 
fueling. Both reactors experienced leakage past 
the inner O-ring seal of the pressure-vessel 
head. In the case of the Big Rock Point reactor, 
this was attributed to a number of thermal cy- 
cles plus the use of three different operating 
pressures, and the leakage was stopped by re- 
placement ofthe O-ring. The vessel-head flange- 
sealing surface of the Humboldt Bay reactor was 
modified by grinding to prevent further leakage. 

An interesting repair technique was employed 
on the Big Rock Point reactor. Flow-induced 
vibration was found to be responsible for the 
loosening of a cap screw from one of the Zir- 
caloy fuel channels; this vibration was caused 
by direct impingement of the recirculating flow 
on a portion of the core support, and the core- 
support plate had to be removed for installation 
of a new flow distributor. This work was per- 
formed inside the water-filled reactor vessel 
by four divers with a significantly low resultant 
radiation exposure. 

References 3 and 4 discuss physics studies 
and preliminary experience with the Russian 
WWER. As of the date of the references (May 
1964), the WWER had not produced nuclear 
electricity, although the turbines had been rolled 
on steam from auxiliary boilers. Critical ex- 
periments had been done, and the primary 
coolant system had been debugged. 


Significant Developments 


Fuel Elements, Fuel Materials, 
and Cladding 


As indicated in Table II-1, the water-moder- 
ated reactors typically employ fuel in the oxide 
form (UO,;, or a UO,-ThO, mixture as in the 
CETR and the ERR), usually as pressed and 
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Table II-2 LOCATIONS OF PREVIOUS REVIEWS OF DESIGN AND OPERATING 


EXPERIENCE FOR WATER-MODERATED REACTORS IN 
POWER REACTOR TECHNOLOGY 
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Reactor Item Vol. Issue Pages 
Shippingport First refueling 4 2 52-58 
Power-generation history, fuel-element 5 4 61-72 
examination, experience with major 
equipment, radiation control, second 
core 
Instrumentation, second refueling 6 2 64-67 
FEDAL system, loss-of-flow experiments, 6 3 49-55 
radiation, hydraulics experiments, 
fuel failure 
Operating history, pressure-vessel 7 2 193-196 
irradiation, fuel examinations 
Yankee Design 4 3 47-55 
Head closure, containment experience, 4 4 69-70 
turbine vibration 
Control-rod examination 6 3 55-56 
In-core instrumentation, radioactivity 6 4 82-91 
problems, reactivity characteristics 
Dresden Design 4 4 56-68 
Control rods, grid-plate cracks, load 5 2 56-59 
following 
Water chemistry, load schedules, 6 2 60-64 
transient experiments 
CETR Design 6 3 28-40 
Fuel pool experience, control-system 7 3 313-315 
operation, performance 
Elk River Design 5 2 33-47 
Humboldt Bay and Design 7 1 70-84 


Big Rock Point 


sintered cylindrical pellets in jackets of Zir- 
caloy or stainless steel. An early exception was 
the Experimental Boiling Water Reactor, which 
used plates of uranium metal alloyed with small 
percentages of zirconium and niobium, clad with 
Zircaloy. The Shippingport reactor used Zir- 
caloy-clad plates of uranium — zirconium alloy 
for the seed loadings installed in core 1; since 
the seed fuel is highly enriched, this alloy was 
rich in zirconium. 

In Ref. 5 the results of the U. S. program on 
oxide fuels are summarized as follows: 


During the past five years in the United States 
there has been a systematic approach to design 
formulation, fabrication development, and perfor- 
mance testing of uranium oxide type fuels. Suffi- 
cient data are available to allow a quantitative 
evaluation of oxide fuels for use in economic cen- 
tral-station power applications. The extensive 
scope of this program includes: 

a. Over 130,000 Zircaloy and stainless steel clad 
UO, fuel rods have been irradiated in operating 
water and steam cooled (260°-316°C) power reac- 
tors. Maximum exposure attained is about 28,000 
MWD/TU; maximum heat fluxes are about 350,000 
Btu/hr-f{t? for Zircaloy clad fuel and 450,000 for 
stainless clad fuel... . 

b. Over 4000 developmental fuel rods represent- 
ing 37 different fabrication processes have been ir- 
radiated in water and steam cooled test reactors 
and loops. Maximum exposure attained was 16,000 


MWD/TU and 1,435,000 Btu/hr-ft? peak heat tlus. 
Plate UO, fuel has been irradiated in test loops t 
127,000 MWD/TU exposure. 

c. More recently, oxide fuel elements have bee 
irradiated to 3600 MWD/TU maximum at 445,04 
Btu/hr-it? heat flux in superheat steam (510°C) tes: 
reactor loops. 


The reference continues with a discussion of 
fuel-fabrication techniques and the behavior of 
fuel elements clad in zirconium alloys and 
stainless-steel alloys. Table II-3 gives addı- 
tional details on oxide cores clad with Zircaloy- 
2 and stainless steel, which reflect U. S. de- 
sign practice. 


In general, the in-reactor behavior of the 
Zircaloy-clad elements hasbeen “outstanding.”’ 
with but few failures. Purposely defected ele- 
ments have operated relatively successfully. 
with little loss of UO, to the coolant and little 
reaction between the fuel and the available ox- 
ygen in the water; washout from powder-filled 
fuel elements has been slight. Hydrogen pickup 
by the zirconium-base alloys has general; 
proved acceptable, with in-pile pickup wel 
correlated with autoclave corrosion data (Fig 
II-1). 

The outstanding example of in-pile experi- 
ence with stainless-steel-clad fuel elements 1s 
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Table II-3 DETAILS OF POWER-REACTOR CORES FABRICATED WITH ZIRCALOY-2 
AND STAINLESS STEELS 





Rod outside Cladding Peak heat Average 
Power, No. of diameter, thickness, flux x 1076, exposure,* 
Mw (e) rods in. in. Btu/(hr)(sq ft) Mwd/ton of U 
Zircaloy-Clad Fuel Elements 
Boiling-water reactors 
Dresden 220 15,500 0.570 0.030 3.46 9,000 
Dresdent 192 0.470 0.025 3.46 7,000 
Japan 12 3,460 0.564 0.033 2.96 1,000 
Kahl 16 3,200 0.571 0.033 3.38 4,500 
SENN 150 17,000 
Pressurized-water reactors 
Shippingport coret 68 16,400 0.411 0.023 3.43 10,000 
Shippingport core 150 Flat plates Flat plate, 0.020 6.50 
0.100 in. 
thick 
Carolinas-Virginiaf 17 1,230 0.490 0.022 4.69 1,000 
Stainless-Steel-Clad Fuel Elements 
Boiling-water reactors 
Dresden 220 4,900 0.440 0.019 (304 S.S.) 2.76 4,000 
Elk River 20 0.452 0.020 (304 S.S.) 3.13 500 
Humboldt Bay 65 8,428 0.463 0.019 (304 S.S.) 3.65 3,000 
Big Rock Point 50 7,392 0.388 0.019 (304 S.S.) 3.50 3,000 
Pressurized-water reactors 
Yankee 185 23,142 0.340 0.021 (348 S.S.) 4.46 8,000 
Saxton 20 (thermal) 1,512 0.391 0.015 (304 S.S.) 4.44 3,000 
Indian Point** 151 23,400 0.304 0.021 (304 S.S.) 5.40 3,000 
N.S. Savannah 70 (thermal) 5,248 0.500 0.035 (304 S.S.) 2.77 1,500 
SELNI 270 24,960 0.385 0.015 (304 S.S.) Under con- 
struction 


*Editor’s Note: This is the exposure attained as of the writing of Ref. 5 and is not necessarily the maximum 


attainable. 
tStraight-through 9-ft-long rods. 
tRod fuel only in blanket region. 


§Flat plates in entire core. Seed is 0.040-in.-thick plates with ZrO,-UO,. 
1Zircaloy-4 cladding; this reactor is cooled and moderated by D,O. 
**Net power is 255 Mw(e), of which 104 Mw(e) is from fossil superheaters. 


probably the Yankee reactor. The second core 
of this power reactor contained two assemblies 
from the first core, and these two assemblies 
operated satisfactorily to a maximum burnup 
of 27,000 Mwd per ton of uranium. Detailed ex- 
amination of the first core showed that the clad- 
ding exhibited no microstructural changes, an 
increase in burst strength, “limited” amount of 
crud, and no Significant structural changes.” 
Thin-walled cladding, relying on the fuel for 
support, has been tested in Dresden and in the 
Vallecitos Boiling Water Reactor (VBWR) with 
less success; the VBWR results were reviewed 
in detail in the Winter 1963—1964 issue of 
Power Reactor Technology, 7(1): 27-50, andare 
summarized in Fig. II-2. 


Pertinent conclusions from Ref. 5 are as 
follows: 


Zircaloy-2 clad rod tuel has been operated sat- 
isfactorily to maximum burnup of 16,000 MWD/TU 
at peak heat fluxes of 510,000 Btu/hr-tt?, and tests 
are continuing. 


Heavy walled ‘‘free standing’’ fully annealed 
stainless steel rods have operated satisfactorily to 
27,000 MWD/TU maximum and peak heat fluxes of 
446,000 Btu/hr-ft?. 

Thin clad ‘‘nonfree standing’’ stainless has shown 
inter-granular stress induced corrosion at average 
burnups less than 10,000 MWD/TU and high heat 
fluxes. Exact cause of the failure mechanism is 
still under investigation. 


It should be noted, however, that more than one 
variable was changed between the freestanding- 
and nonfreestanding-cladding experiments. For 
example, the heavy-walled freestanding fuel 
elements were irradiated in a pressurized- 
water-reactor (PWR) environment and were 
fabricated of type 348 stainless steel. The thin 
nonfreestanding claddings were irradiated in 
Dresden and VBWR in a boiling-water-reactor 
(BWR) environment and were fabricated of type 
304 stainless steel. 


The irradiation behavior of ceramic fuels is 
discussed in Ref. 6. The paper-presents, engi- 
neering type information:omya.number.of-fuel 
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— Lustman & Kerze Curves from Autoclave Tests 
Results from Reactor Environment 
APED Weight Goin from Postirradiation Measure- 
ments of Oxide Thickness, BWR Environment 


APED Hydrogen Concentration on Hot Extraction 
and/or Visual Estimate, BWR Environment 


Hydrogen Conc. Shippingport Core | 
Hydrogen Conc. from Dresden Fuel Cladding 


Weight Gain, mg/dm2, or Total Hydrogen Found, ppm 





{ j 10 400 {000 
Time at Temperature, Days 


Fig. II-1 Corrosion behavior and hydrogen pickup of 
Zircaloy-2. Comparison of autoclave and reactor ex- 
posures.° 


materials, including UO,, ThO,-UQ,, PuO,;-UO;, 
ZrO, base—UQO,, UO,-BeO, UO,-Al,03;, MgO- 
PuO,, ZrO,-PuO,, UC, PuC, UC-PuC, UN, US, 
and U,Si. Of these materials the oxides are of 
primary importance to water reactors and, 
naturally, have been investigated most exten- 
Sively. For example, the thermal conductivity 
of UO,, illustrated in Fig. II-3, appears to be 
reasonably well determined. Increases in kyo, 
at high temperatures, where it has been postu- 
lated that radiative-energy-transport mecha- 
nisms become important, have not been ob- 
served in polycrystalline UO, even after 
columnar grain growth. Fission-gas release, 
although not well understood, is amenable to 
engineering calculations, at least to the ac- 
curacy required for the practical design of 
fuel elements for the H,O reactors.* Structural 
changes in UO, have been quantitatively related 
to fuel operating temperature, temperature 


*An extensive discussion of the engineering and 
performance of UO, fuel assemblies was presented by 
the Canadians in Refs. 30 to 32. Their special inter- 
est in fission-gas release presumably comes from 
the fact that they cannot design NPD type fuel rods 
with large tission-gas spaces to allow for imperfec- 
tions in gas-release calculations without introducing 
additional difficulties related to end-cap peaking, fuel 
shuffling, etc. 
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gradient, exposure, density, and irradiation 
history. Reference 6 suggests that future reac- 
tor designs may employ lower density UO, to 
encourage fission-gas release and reduce swell- 
ing during irradiation. This may be of impor- 
tance in the design of oxide fuels for long-term 
irradiation in fast reactors or for those reac- 
tors where the provision ofa fission-gas plenum 
results in an unacceptable performance penalty. 
Reference 7 reports preliminary results for 
fabrication and irradiation of UO,-PuO, fuel 
elements in the BR-3 reactor. 

References 8 and 9 report on various ex- 
periments designed to study the corrosion re- 
sistance of zirconium alloys. Reference 8, 
which is primarily of interest to the specialist, 
is on metallurgical techniques in which radio- 
active tracers are used for the study of zir- 
conium alloy corrosion; it also presents some 
results. Reference 9 is devoted to the zirco- 
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nium-niobium alloy hydriding problemin water- 
cooled reactors. This class of alloys is an 
interesting one since the Russians have tradi- 
tionally used the zirconium-niobium alloys in 
their water-cooled power reactors, whereas 
the Zircaloys have been used almost exclu- 
sively in the United States. The reference dis- 
cusses the effect of stress upon the distribu- 
tion, or arrangement, of the zirconium hydride 
corrosion product. The hydride is in the form 
of platelets, and, if these are oriented parallel 
to the axis of the tube, their effect on tensile 
properties is minimized. On the other hand, if 
the platelets are radially oriented, serious re- 
ductions in tensile strength occur. According 
to Ref. 9: 


.. formation of radially oriented hydrides is a 
function of values of the tensile stress and does not 
depend upon the methods of hydriding. Even at the 
hydrogen content of 0.01% with radially oriented hy- 
drides the pipe properties are sharply impaired; 
that proves the paramount importance of the values 
of tensile stress when using zirconium alloys in 
water-moderated water-cooled power reactors. On 
all other conditions being equal, preference should 
be given to the zirconium alloys possessing high 
yield point as in this case the value of the allowable 
hydriding stress will be higher and reliability of 
operation will correspondingly increase. 

The allowable hydriding stress of the alloy is the 
maximum tensile stress at which radial orientation 
of the hydrides under the specified service condi- 
tions does not yet occur. Evidently, it is to be taken 
into account along with other parameters in de- 
signing zirconium alloy claddings for fuel elements 
or zirconium alloy pipes for service under pres- 
sure. 


Values of the allowable hydriding stress for 
two of the zirconium-niobium alloys are given 
in the reference. For zirconium—1 wt.% nio- 
bium, radial orientation of the hydrides oc- 
curred at 4.4 kg/mm’; and, for zirconium—2 
wt.% niobium, radially oriented hydrides were 
formed at a stress of 8.8 kg/mm? and over. 
These values are about half of the yield strength 
of each alloy at the test temperature of 400°C. 
Although the stronger zirconium-niobium al- 
loys have not excited much interest in the 
United States as cladding materials, their use 
in pressure-tube type reactors and for in-core 
structural components of pressure-vessel type 
reactors may increase. 


Reference 10 summarizes a considerable 
amount of U. S. experience on corrosion in 
aqueous systems. The generally successful use 
of Zircaloy and stainless steel in power reac- 
tors is confirmed, and the superiority of beta- 
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quenched Zircaloy-4 over Zircaloy-2 in high- 
temperature water is discussed. With regard to 
Stainless steel, the authors note that “... highly 
stressed thin wall cladding, representing ad- 
vanced fuel concepts, has failed in VBWR after 
exposures considerably shorter than required 
for economic performance... .”!° Although this 
is true, failures have also been noted in VBWR 
irradiation of types H and I elements in the 
Fuel-Cycle Program; these elements were de- 
signed to be freestanding [see reviews in Power 
Reactor Technology, 7(1): 27-50 and 7(4): 354- 
355]. 

In summary, there is little doubt that metal- 
jacketed oxide fuel elements can be made to 
have attractively long service lifetimes in 
water-cooled reactors. The quantitative princi- 
ples of optimum design are not completely 
understood, however, and caution is in order 
in making substantial departures from the de- 
signs which have been proved out by reactor 
experience. It follows also that, in quoting and 
using the experience obtained to date, one must 
be particular and comprehensive in considering 
the conditions under which the experience was 
obtained. Some departure from this principle 
was evident in the informal discussion in the 
Geneva sessions, where the Shippingport ex- 
perience with exposure lifetime of the blanket 
elements appeared to be regarded as typical 
for oxide fuel elements, even though the ther- 
mal demands on the oxide in these elements 
are relatively quite mild [see the review of Ship- 
pingport Operating Experience in Power Reac- 
tor Technology, 7(2): 193]. 


Water Chemistry: Use of Mild Steels 
in Aqueous Systems 


The use of mild steels in portions of power- 
reactor primary circuit piping has been com- 
mon practice for some time; Dresden, for 
example, uses low-alloy and carbon steels for 
the primary and secondary steam piping and 
the feedwater system. A full-flow condensate 
demineralizer is provided, however. In Ref. 10 
the use of boiler steel is considered for unclad 
pressure vessels, and the conclusion reached 
is that the question is “unresolved.” The prob- 
lem is of more than academic interest, how- 
ever, since at least one power reactor under 
construction (the second unit of the WWER) is 
said’® to utilize an unclad pressure vessel. 
Accordingly, the discussion presented in Ref. 
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11 serves to illuminate some of the problems 
associated with the use of mild steel in power- 
reactor primary circuits. 


The water and steam of a typical boiling- 
water reactor will contain about 0.1 and 20 
ppm oxygen, respectively.!! Experiments done 
at the Kjeller Research Establishment in Nor- 
way, and summarized in Ref. 11, indicate that 
the initial corrosion-product release rate under 
these conditions is “high” but, under continued 
high-temperature operation, decreases to a re- 
lease rate as low as 2 mg/(dm*)(month). This 
is comparable to values for stainless steel. 
The situation has additional complications in 
the case of reactor operation since the system 
may from time to time be kept at lower tem- 
peratures for relatively long periods (as during 
refueling); rather high corrosion rates have 
been reported in neutral water at low tempera- 
tures. The paper'! suggests that during shut- 
down the oxygen content of the water should be 
monitored and reduced to the point that harmful 
corrosion will be prevented. Under low-oxygen 
conditions the corrosion film formed at high 
temperatures is apparently stable, although for 
long periods of downtime it may be necessary 
to scavenge the oxygen. 

As a further consequence of the corrosion in 
neutral water at low temperature, low-tempera- 
ture portions of the primary system may pre- 
sent difficulties in the absence of condensate 
cleanup systems. The corrosion products in- 
troduced into the reactor may precipitate on 
fuel elements, and Ref. 11 mentions that “rust 
generators” are to be installed in the Halden 
Boiling Water Reactor (HBWR) to study the 
problem. 


Control: Soluble and Burnable Poisons 


The use of soluble poisons to control reac- 
tivity in pressurized-water reactors was re- 
viewed in detail in Sec. X of Power Reactor 
Technology, (4). References 12 to 14 are on 
aspects of soluble-poison control, and the in- 
formation reviewed here will be supplementary 
to the material presented in the 7(4) issue. 


The dynamic performance ofachemical-shim 
system is the subject in Ref. 12. The reactor 
that was used as a neutron source was a 
SWimming-pool type, and the boric acid was 
contained in a pipe introduced within the core. 
The control system (feed and bleed) and as- 
sociated piping and electronics probably are 
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representative of what could be used for power- 
reactor control, but the range of dynamic -vari- 
ables was much greater than that encompasse< 
by the chemical-shim application currently con- 
sidered in power reactors. The response of th: 
control system to various reactivity steps anc 
ramps was investigated with the following re- 
sults: !? 


...the control system examined here seems t 
have satisfactory dynamic characteristics as r- 
gards the fine control of the neutron flux levei. 
There are no particular operation and maintenan: 
problems. The whole system appears to be qui 
reliable, rugged and easy to handle. 


The flow diagram of the poison loop is shown 
in Fig. II-4. 


Operation of the Belgian BR-3 plant wit 
boron in the coolant is described in Ref. 13. 
The steps performed to prepare the system for 
operation with the chemical shim, and sub- 
sequent transient tests, are detailed in Tabl: 
II-4. The physical, chemical, and radiochem- 
cal characteristics of the reactor coolant were 
monitored during the course of operations in 
the chemical-shim experiment, which lasted 
about a month. In general, the results of te 
experiment were good. Small, unexplained, re- 
activity variations occurred (Fig. II-5), bu 
they happened over relatively long times and. 
in fact, were noticed in normal operations with- 
out boron. Water chemistry showed no unusu:z! 
or unexpected trends, and the reactor coola:: 
activity remained below design limits, althoust 
the demineralizer has been bypassed for mort 
than six weeks. 


Reference 13 concludes with an interestir: 
discussion of the application of chemical shim 
to a large [250 Mw(e)] reactor. Depending upo: 
the operational program, from 2 to 10 tons z 
boric acid per year will have to be disposed of. 
If the core has contained failed fuel elements. 
this material will be contaminated by fissio: 
products to a varying degree, depending on th 
number of failed fuel rods. Distillation, elec- 
trodialysis, and ion exchange are consider: 
as concentration processes, but no specific rec- 
ommendations are given. It may be that the 
success of the soluble-poison concept relies << 
keeping the number of routinely failed fuel èle- 
ments within some limit, and the value 14 = 
mentioned. Fortunately, the experience wit 
the reactor type has illustrated that thas hr: 
is probably not an unrealistically difficult cr: 
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Fig. II-4 Simplified flow diagram of soluble-poison control system.1!2 


Table II-4 OPERATIONS WITH THE BR-3 REACTOR: CHEMICAL-SHIM EXPERIMENT! 


1. Preliminary operation at normal power level, without the mixed-bed demineralizer; the ion beds are not saturated 
in BO” ions and therefore cannot be used during the boron test. 

2. Preliminary operation at normal power level, without demineralizer, the pH being reduced from 9.5 to approxi- 
mately 7. 


During these two preliminary tests, the increase of the reactor coolant activity (very predictable) was, however, far 
from the permissible limits.* Also the air contamination remained, everywhere, far under the maximum permis- 
sible concentrations. 


3. Power operation with 125 ppm boron present in the primary coolant. This first step in the study of chemical con- 
trol made it possible to determine the overall effect of bypassing the demineralizer and of the presence of boron in 
the reactor coolant. It gave information (a) on the evolution of chemical characteristics of the water, the boron 
concentration, and the core reactivity and (b) on the possibility of compensating the xenon poisoning. 

4. Power operation with a higher boron concentration inthe reactor coolant water (350 ppm). This last step, per- 
formed after a core shuffling, made possible a more extensive study: 


— Startup of the plant, and load pickup with boron present 

— Overall compensation of the xenon effect by reduction of the boron concentration 

— Power operation with all rods extracted from the core, except two rods for fine control 

— Compensation of samarium poisoning and fuel burnup by boron removal. Furthermore, various load rejections 
and fast load pickups made it possible to test the dynamic behavior of the reactor. 


*The activity of the primary coolant increased about a factor of 3 when the resin-bed purification system was not 
operational. The new value!? was about 0.24 uc /m1. 


dku (p meos.- p pred.)x!O 3 


2 
23456789 0 fl 12 13 14 15 16 17 18 19 20 


Vol. 8, No. ! 





312345678 


January 1964 February (964 


Fig. II-5 Unaccounted reactivity disappearance, dk,, vs. time. Results of power operation of the 


BR-3 reactor in the presence of 400 ppm boron."3 


Operational experience with Yankee, Saxton, 
and the BR-3 is briefly discussed in Ref. 14. 
An interesting result of the experiments with 
Yankee and Saxton has been the discovery of 
the “pH effect” —an increase in reactivity has 
been observed with increase of the coolant pH. 
The effect has been observed both with and 
without significant boron levels in the coolant 
and has not been correlated with the poison 
content or corrosion-product concentration in 
the coolant. The increase in reactivity is only 
a few tenths of a percent, but, as of the time 
of writing of Ref. 14, no satisfactory explana- 
tion had been offered. Hot-laboratory examina- 
tion of core components of Saxton after nine 
months of operation with dissolved poison 
showed “trivial quantities of residual poison on 
the core.” 

Reference 14 also discusses recent advances 
in burnable-poison control. Some of the dis- 
cussion centers around core 2 of the Shipping- 
port PWR, which utilizes boron -— stainless-steel 
Strips as a burnable poison (Fig. II-6). This 
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Fig. H-6 Schematic arrangement of burnable poison 
in the Shippingport core geometry.'4 


type of reactor appears to be particularly suited 
to burnable-poison control since (1) the burnable 
poison need be incorporated only in the seed 
elements, (2) only a relatively few burnable- 
poison sites need be employed, and (3) there is 
no complication due to the shuffling of fuel’as- 
semblies. Also, in the seed-blanket reactor, 
the control rods are placed in the seed, and 
hence the burnable poison can be located so as 
to reduce local peaking due to rod channels. 
This approach is evident in Fig. II-6. 


Although most of the burnable-poison applica- 
tions have specified boron as the poison, a 
number of other materials offer possibilities 
for use. These are members of the rare-earth 
family (samarium, dysprosium, erbium, and 
gadolinium), and each may offer an advantage 
relative to boron in a particular situation. 


Pressure Vessels 


Three papers on reactor pressure-vesse! 
design and fabrication'®"'" are from three dif- 
ferent countries and present dissimilar views 
on many aspects of pressure-vessel technology. 
For example, the “standard” material used for 
large pressure vessels in the United States is 
SA-302 grade B steel, the material used for the 
SEP and SENA pressure vessels is a steel de- 
signated “1,2 MD07,” and the material of the 
WWER vessel is a high-strength Cr-Mo-V 
steel. The exact composition of the latter was 
not specified, but the compositions of the other 
two are given in Table II-5. The selection of 3 
pressure-vessel material usually involves 4 
pressure-vessel code, and Ref. 15 contains 2 
discussion of the effects of pressure-vesse! 
codes of various countries. 
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Table H-5 COMPOSITIONS OF VARIOUS 
PRESSURE-VESSEL STEELS 





Nominal composition, 





Country Designation wt.% 
United States SA-302 grade B <0.25 C, 1.15—1.50 Mn, 
0.45-0.60 Mo 
Netherlands 1,2 MD07 <0.18 C, 1.0 —1.5 Mn, 


<0.2 Cr, 0.3—0.7 Ni, 
0.35—0.55 Mo 





In the fabrication of the Russian- and Nether- 
lands-built pressure vessels for the WWER, 
SENN, SENA, and the KRB reactors, forged 
rings were used to form the pressure-vessel 
bodies.!5,1T1 In contrast, the cylindrical portions 
of vessels fabricated in the United States are 
usually rolled, and, if the vessel wall is thin 
enough, the cladding is roll bonded. The ad- 
vantages of the forged-ring fabrication tech- 
nique are discussed in Ref. 15, although, as 
pointed out in that paper, the resulting vessel 
is higher in price than a similar one built of 
sheet material. 
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Pressure-vessel design and fabrication in 
the United States are discussed in Ref. 16. The 
reference opens with a discussion of the recent 
amendments tothe ASME Pressure Vessel Code 
which have resulted in the approval of Sec. III 
of the ASME Power Boiler and Unfired Pres- 
sure Vessel Codes, “Rule for Construction of 
Nuclear Vessels.” Older vessels were fabri- 
cated in conformity with either Sec. I or Sec. 
VIII. Although much of the discussion is pri- 
marily of interest to the pressure-vessel spe- 
cialist, Fig. II-7, which illustrates typical BWR 
and PWR pressure vessels fabricated by either 
of the ASME codes, Sec. III or Sec. VIII, isa 
graphic summary of some important effects of 
the changes. In the particular cases shown, the 
design by Sec. III results in significant changes 
in wall thicknesses for the cylindrical sections 
of the vessel; Table II-6 gives an estimate of 
the effect on fabrication time for BWR and 
PWR vessels of various sizes. At first con- 
sideration it is surprising that the fabrication 
times for vessels for both PWR and BWR ap- 
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Fig. H-7 Reactor vessel designs for 1000-Mu(e)-cabacity plants comparing ASME Code Secs. III 


and VIII, 4 
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Table Il-6 FABRICATION TIME FOR REACTOR 
VESSELS OF VARIOUS SIZES'6 
Fabrication time, weeks 


Plant capacity, Sec. II Sec. VIII 


Mw(e) net design design 
250 95 100 
500 120 125 
750 145 155 

1000 165 175 
1500 205 220 


plication are approximately equal. The refer- 
ence explains that this is true because the 
combination of vessel-diameter and vessel- 
design-pressure requirements offset each other. 
This, of course, may not always be the case. 
The relative size difference between BWR and 
PWR vessels, as indicated in Fig. I-7, is 
Striking. Figure I-8, from the same paper, 
presents the data in slightly different form. The 
vessel-size requirements are, of course, deter- 
mined by reactor design, rather than by vessel- 
design considerations. Yet the plotted points, 
although they are not identified in the paper, 
presumably represent vessels specified for 
actual plant designs. Hence the lower section 
of the curve, at least, has authority as a rep- 
resentation of the current state of the art for 
BWR and PWR design. 


The WWER pressure vessel described in 
Ref. 17 is an unusual one and, for purposes of 
description, is divided into lower, middle, and 
upper zones (Fig. II-9). The lower zone con- 
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Fig. II-8 Reactor vessel diameter vs. plant power 
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sists of three ring portions, each forged as: 
single piece. The middle zone contains 24 noz- 
zles, which are welded in place as shown i 
Fig. H-9. The upper zone consists of a one- 
piece forged flange and a strengthening ring. 
fitted by means of a shrink-fit technique. The 
vessel cover is a forged flat plate with 5; 
penetrations. The internal surface of the vesse: 
is covered with weld-deposited austenitic stain- 
less steel having a thickness of about 20 mm— 
quite thick in terms of practice in the Unite: 
States. The vessel-to-cover seal is accom- 
plished by a wedge-shaped nickel gasket com- 
pressed between the cover and vessel by means 
of a thrust ring held in place by studs. The 
reference describes an alternative seal involv- 
ing the welding of a flexible collar to both the 
vessel and the head. 


Thermal and Hydraulic Design 


The relatively large number of papers de- 
voted to thermal and hydraulic considerations 
of water-cooled reactors were all concerned 
with boiling phenomena and could be grouped 
into three categories: 


— Basic studies of bubble dynamics, velocity 
profiles, etc. 

—Interpretations of experimental data 

—Survey papers 


The basic studies'*-” of boiling phenomena 


were concerned primarily with bubble dynamics. 
active sites, nucleation, and other variables of 
interest in two-phase flow. The authors initiated 
their discussion with a consideration of pool 
boiling, and, although the detailed results are 
of primary interest to the specialist, they do 
indicate that continued progress is being made 
in gaining an understanding of two-phase be- 
havior. 


Of the papers concerned with experimental 
and analytical results, two presented informa- 
tion on the critical heat flux during unstable 
burnout in two-phase flow,7!*?? and two were 
concerned with predicting dg, during stable 
burnout.”?:* The test loops used in the exper- 
ments reported in Refs. 21 and 22 both em- 
ployed natural circulation and were instru- 
mented to measure appropriate pressures, 
powers, flow rates, etc. Typical flow-power 
curves are illustrated in Fig. II-10. As shown, 
the flow initially increased, reached a maximum, 
and then decreased AS power was increased 
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Fig. II-9 Reactor vessel 
of the Novo-Voronezh 
Atomic Power Station.!” 
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Fig. H-10 Effect of pressure on mass velocity for 
varying heat flux. Data taken in a natural-circulation 
loop with test-section diameter of 36 mm and length 
of 4890 mm. Inlet subcooling, ATgyy, = 8 + 0.3°C. 
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in steps, oscillation usually commenced; three 
cases are reported: 


— Diverging oscillations causing burnout 
—Stable oscillations 
— Burnout without oscillations 


The experimental results were compared 
against predictions of a theoretical flow model. 
The predictions were obtained by numerically 
solving equations of continuity, energy, and 
momentum; the stability limit was analytically 
determined as the power input where the oscil- 
lations in inlet velocity became divergent upon 
a step increase of 1% in channel power. Although 
no general stability criteria are given in the 
reference, it would appear that the method is 
generally applicable for;specifie (cases of uni- 
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formly heated test sections of simple geometry. 
Reference 21 also discusses the effects of inlet 
subcooling and inlet throttling on burnout heat 
flux and compares operation with natural and 
forced convection; these data are shown in Figs. 
I-11 to H-13. 


Reference 23 presents several correlations 
of burnout heat flux for flow of subcooled water 
in tubes, steam-water mixture in tubes, and 
flow in an annular gap. The correlations are 
empirical, and their interpretation is compli- 
cated by the fact that the units are of the “mks” 
system. Pressure is measured in newtons per 
square centimeter and latent heat in joules per 
kilogram; the correlation gives the burnout heat 
flux in units of watts per square meter, how- 
ever. The units for pressure should be care- 
fully noted since at least one English translation 
of a recent Russian heat-transfer article has 
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Fig. II-11 Effect of inlet subcooling on critical and 
burnout heat fluxes.21 Data takenin a natural-circula- 
tion loop with test-section diameter of 20 mm and 
length of 4890 mm. Pressure = 50 atg. 
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Fig. II-12 Comparison between natural- and forced- 
circulation burnout data.“! Test-section diameter, 
20 min; length, 1890 mm, Forced-circulation data 
were taken with “heavy” inlet throttling. 
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Fig. H-13 Effect of inlet throttling on burnout.” 
Test-section diameter, 20 mm; length, 4890 mu. 
Pressure = 50 atg. 


translated pressure in newtonsS per square 
centimeter as “neuts/cm’.” The correlation for 
so for steam-water mixture in tubes is as 
follows: 


Pro = [1.46 x 104 +1-T2(1 _ x)" 


2.71 


where @pəo = burnout heat flux, watts/m?” 


y = latent heat, joules/kg 

x = quality 
W, = mass flow rate, kg /(hr)(m2) 
din = internal tube diameter, mm 


= 3.48-0.54 (7/4.18 x 10°) 


The range of applicability of Eq. 1 is stated to 
be as follows: 


` 

~ 

~ 
| 


Pressure: 392—981 newtons/cm? (568 to 1422 psi: 
Mass flow: 2—18 x 105 kg/(hr)(m2) 
Quality: 0 —0.40 
in: 4-12 mm 
Length: =>200 mm 


Equation 1 is plotted in Fig. H-14 for a pipe 
diameter of 0.18 in., a pressure of 1000 psia. 
and two different values of W,. This figure 
compares the correlation with data appearing 
in Fig. HI-12 of Power Reactor Technology 
7(1). The correlation does not predict the ex- 
perimentally determined “best-fit” curve verv 
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` well, although the range of experimental data 
. falls within the range of applicability of Eq. 1. 


Reference 23 also presents the results of 
burnout experiments utilizing nonuniformly 
heated test sections, and these are given in 
Fig. II-15. The ordinate on the curves is be- 
lieved by the reviewer to be the weighted mean 
heat flux, and the heat-flux nonuniformity is 
' believed to be a radial one, although the ref- 
erence is not particularly clear in these two 
quite important aspects. The experiments were 
carried out “... with round tubes of dia = 10 mm, 
tube length is 400 mm and with the eccentricity 
between external surfaces and internal ones 
(three values)... .”$ These three values are 
probably the ones corresponding to curves 2, 3, 
and 4 in Fig. II-15. 


Reference 24 presents burnout data taken at 
General Electric—-San Jose, Hanford, and Co- 
lumbia. Since the results of many of these 
programs have been reviewed in previous issues 
of Power Reactor Technology, additional details 
will not be discussed here. 


References 25 and 26 are in themselves re- 
views. Reference 25 reviews highlights of two- 
phase-flow research relative to boiling reactors 
in the United States, and Ref. 26 describes the 
experimental work on heat transfer and hydro- 
dynamics with steam-water and two-component 
mixtures done at the Centro Informazioni Studi 
Esperienze (CISE), Milan, Italy. 


Best-Fit Curve 
(Fig. DT -12,PRT,7(1)) 


Pao/10®, Btu/(hrXsq ft) 


Alekseev ef al. 
Correlation 


din = O18" 





O 1.0 2.0 3.0 
SEF/10°, Btu/(hei(sq ft) 


Fig. [I-14 Comparison of burnout correlation of 
Alekseev et al.?? with burnout data previously pub- 
lishedin Power Reactor Technology. Pressure = 1000 
bsia. 
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q ko /(Mw)/(m?) 








Quality 


Fig. I-15 Heat-flux concentration nonuniformity in- 
fluence on Gyo in round tubes. Curves l, 2, 3, and 4 
correspond to values QR$*-/ax of 1, 1.12, 1.28, and 
1.50. Parts a, b, and c correspond to pressures*® of 
588, 981, and 1765.8 neutrons/cm?. 


Directions of Future 
Developments 


To some extent the future developments in 
water-reactor technology are tied into the de- 
sign features of the advanced plants of each 
type; these are listed last under the appropri- 
ate headings in Table II-1. References 27 and 
28 present views of two water-reactor manu- 
facturers on developments of their particular 
type, and Ref. 29 discusses advanced Russian 
water reactors. 

The boiling-water reactors designed by the 
General Electric Company are tied quite closely 
to the concept of pressure suppression. On the 
other hand, the recent Westinghouse-designed 
reactors utilize a variety of containments from 
an unshielded steel containment vessel to the 
double-barrier concept, employing a sandwich 
of porous concrete between two layers of steel 
and reinforced concrete. Both the, pressure- 
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suppression and double-barrier concepts, how- 
ever, require that the capability be present in 
the plant to process potentially contaminated 
air from within the containment or reactor 
building during routine operation before release 
from a plant stack. 

Early designs of both the BWR and the PWR 
stations, as exemplified by Dresden and Yankee, 
used canned pumps in the primary circuit. 
This practice seems to be declining, however, 
Since the Big Rock Point BWR uses pumps of 
the shaft-seal type and the San Onofre PWR is 
scheduled to use them. This change has come 
about for several reasons. Possibly in the 
pressurized-water reactors the most important 
was the desire to utilize pumps of capacities in 
excess of 50,000 gal/min. In the boiling-water 
reactors, the change is probably due primarily 
to confidence that has been built up in the 
handling of radioactivity: since the direct-cycle 
boiling-water reactors must, in any case, pro- 
vide for the handling of radioactive off-gases, 
there is less incentive to reduce the leakage of 
primary water to a bare minimum. Reference 
27, in addition, mentions that work is being done 
to develop a jet pump for use inside the reactor 
vessel of the boiling-water reactor to “sub- 
stantially” reduce the flow external to the ves- 
sel. For other primary system components, 
Ref. 28 states that PWR plants currently under 
design and construction do not provide for 
primary-coolant-loop stop valves and check 
valves, since safety and operational studies 
indicated these valves were not needed. 

Fuel-element experience has been relatively 
good for both the pressurized-water and boiling- 
water reactors, with the exception of the failures 
of the stainless-steel-clad elements in the 
VBWR mentioned previously. As a result, Ref. 
27 states that Zircaloy is the “favored” clad- 
ding material for current boiling-water reac- 
tors, with Incoloy and Inconel slated for testing. 
On the other hand, the pressurized-water reac- 
tors have shown no difficulties when utilizing 
either stainless-steel cladding or Zircaloy, 
although large-scale experience with rod ele- 
ments of the UO,-Zircaloy type has been lim- 
ited to the rather mild conditions in the Ship- 
pingport blanket. Until the VBWR failures can 
be tied to a cause not connected with the reac- 
tor type, the PWR designer may have additional 
freedom in the choice of cladding materials 
because of the ability of the pressurized-water 
reactor to operate with close control of coolant 
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chemistry. Both references mention that sprig 
type Spacers will be considered for present and 
future fuel-assembly fabrication techniques. 
This eliminates welding and brazing operations 
on fuel-cladding surfaces and allows cold- 
worked cladding to be utilized, if desired. 

Control and refueling are two areas of inter- 
est for future developments. The chemicai- 
shim control of the pressurized-water reactor 
has been mentioned previously. In addition. 
Ref. 28 mentions a so-called ‘rod-cluster- 
control” scheme for advanced pressurized- 
water reactors, to be used in conjunction with 
chemical shim. This utilizes hollow tubes that 
replace some of the fuel rods within a fuel as- 
sembly; inside each hollow tube is a cylindri- 
cal, unfollowed, absorber rod. The several rods 
within the confines of a single fuel assembly 
are mechanically connected and are operated, 
as a cluster, by a single drive unit. No cruci- 
form type control rods are employed. The ap- 
plication of soluble-poison control to the boiling- 
water reactor is less straightforward and has 
not been proposed in any commercial design. 
The use of bottom-entering control rods to as- 
Sist in axial power flattening will no doubt be 
continued, and further flattening and reactivity 
compensation may be obtained with fixed shims 
of boron stainless steel. Both Refs. 27 and 28 
mention “scatter loading,” in which expose 
fuel assemblies and new assemblies are dis- 
tributed more or less uniformly over the core 
volume rather than in zones. Upon refueling. 
the most highly exposed assemblies are re- 
placed by new assemblies, but there is no shuf- 
fling of the remaining assemblies. 

The refueling of both reactor types is com- 
plicated by above-core structure and mech- 
anism. The boiling-water reactor of the future 
most likely will have internal steam separators. 
and these will probably have to be removed be- 
fore refueling. The pressurized-water reactor, 
on the other hand, while not requiring steam- 
separation equipment within the pressure vessel. 
may have control-rod-drive guide structures 
above the core which must be moved. This 
structure becomes more complex when “cluster” 
rods are used. The efficient removal of the 
above-core components will probably continue 
to be an important consideration for both reac- 
tor types in order to minimize downtime for 
refueling purposes. In-core instrumentation. 
mentioned in both references, will probabil: 
continue to follow the-control-rod-drive posi- 
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tion, being inserted into the BWR core from 
the bottom and into the PWR core from the top. 
Thus the BWR in-core instrumentation need 
not be removed during fue1 handling, whereas 
Ref. 28 mentions that the PWR in-core instru- 
mentation probably will be removed as a unit, 
being attached to a common support plate pre- 
sumably located above the core. One of the 
criticisms of the water reactors, heard rather 
frequently in the informal discussions at Geneva, 
was the long shutdown time required for re- 
fueling. No doubt this problem will receive in- 
creasing emphasis in coming years. 
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assembly consists of a guide tube mounted 
permanently in the core; its shape is hexa- 
hedral outside and cylindrical inside. The 
safety rod is fabricated of a cylindrical ab- 
sorber 125 mm in diameter, which is followed 
by a zirconium alloy scatterer without fuel in 
the WWER-1 and by a fueled follower in the 
WWER-2. 

Some of the differences between the two 
reactors — for example, the change to electric 
pressurization and the adoption of ion-exchange 
water treatment—involve changing to design 
techniques that have been used in the United 


Table I-7 COMPARISON OF WWER-1 AND WWER-2 


Parameter 


Power, Mw (e) 
Status 
No. of stationary fuel 
assemblies 
Length, m 
Shape, cross sectional 
Distance across flats, 
mm 
Pitch 
Fuel-pin geometry 
Cladding material 
Cladding outside 
diameter, mm 
No. of pins/assembly 
Fuel material 
Fuel-pellet outside 
diameter, mm 
No. of movable fuel assem- 
blies 
Compensating 
Safety 
Coolant purification 
No. of primary loops 
Pressurizer type 
Coolant pressure, atm abs. 
No. of turbines 


Reference 29 is interesting partly because 
the Voronezh reactors (WWER) are quite dif- 
ferent in design from the pressurized-water 
reactors constructed in the United States. The 
reference discusses the changes between the 
first unit of the plant (WWER-1) and the sec- 
ond (WWER-2). A comparison of the two reac- 
tors iS given in Table II-7. Both reactors em- 
ploy hexagonal fuel assemblies, but there is a 
difference in the number of fuel pins per as- 
sembly. The movable fuel assemblies of the 
“compensating” type are for slow changes in 
reactivity. These consist of a flux-trap type of 
control rod, hexagonal in shape, mounted on 
top of a movable fuel assembly very similar in 
design to the stationary assemblies. The safety 


WWER-1 WWER-2 
210 365 
Operating Under construction 
312 276 
2.5 2.5 
Hexagonal Hexagonal 
144 144 
147 
Rods Rods 
Zr-Nb Zr-Nb or S.S. 
10.2 8.8 
90 127 
UO, pellets UO, pellets 
8.7 7.7 
31 60 
6 13 
Evaporation Ion exchange 

8 
Gas Electric 
100 120 


3 


S 


States for a number of years. Other features of 
the WWER-2, notably the elimination of the 
cladding in the pressure vessel,’ represent 
departures from practice in the United States. 
The reference concludes with a discussion of 
future improvements in the reactor type not 
specifically tied to the WWER plant. One of the 
most significant areas for improvement is the 
method of refueling. Although WWER-1 had not 
been refueled at the time of the writing of Ref. 
29, the authors were aware that, in general, 
refueling operations “...require a lot of 
time... .” A number of possible solutions are 
discussed, and the most attractive one is a 
reactor design employing soluble poison.since 
this application allows-the removal of most, if 
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not all, of the control-rod-drive structure from 
above the core. The resulting reactor is shown 
in Fig. I-16. The “honeycomb” core design is 
not well explained in the reference, but the in- 
teresting application to refueling is the provi- 
sion for storage of fuel elements within the 
pressure vessel. The fuel-element handling 


Cosk 






Reloading 
Machine 


zat Z ZZ | 
N 

Y 
as | ` 
It. N Ppa of Fuel Assemblies 


Hermeticity Control and 
Woter- Temperature Control 






Cask Mechanism Rod 


Collectors of Liquid 
Absorber 


Pressure Vessel 


Fig. II-16 Reactor scheme with honeycomb core and 
with the change of liquid-absorber concentration in 
the channel system.?9 


would be done after the reactor had been shut 
down but not depressurized. The centrally 
located reloading machine would handle the fuel 
elements, taking new elements from their racks 
within the vessel and replacing spent elements. 
After the fuel movement into and out of the 
core had been accomplished, the reactor would 
be brought to power, and the spent elements 
would be transferred through a vessel lock. 
The latter step need not be done rapidly since 
reactor operation would not be affected. 
Several of the recommendations for advance- 
ment in the WWER technology are peculiar to 
the reactor as designed. In the WWER-1 the 
clearance between adjacent fuel bundles is only 
a few millimeters, and the requireinent for the 
movement of the relatively large flux-trap con- 
trol rods to a position above the core appar- 
ently makes the design of the upper grid plate 
somewhat difficult. If the fuel assemblies are 
locked in place at their lower end, the lack of 
open space within the core makes it difficult to 
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get at the locking devices with fuel-handlim 
tools. Accordingly, Ref. 29 suggests that the 
fuel elements be hydraulically locked in place 
by a piston located at the bottom of the bundle 
but connected to the space above the core. The 
control rods would be bottom driven to facili- 
tate refueling, and the reference illustrates i 
possible hydraulic-drive mechanism. The up- 
ward direction of the flow in the WWER reac- 
tor gives rise to what appear to be formidab!: 
hydraulics problems, other than the one oi 
merely holding the fuel elements in place. The 
large: fueled followers move against the coolart 
flow when they move in the direction of re- 
ducing reactivity, and they must be adequatel: 
cooled during any movement. Downflow is dis- 
cussed in Ref. 29, but the designers appear 
reluctant to take the step due to problems con- 
nected with flow reversal during main pump 
coastdown. 
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II Vessel Type Superheqting 


Power Reoctor Technology 


Status and Design 
Feqtures 


The status of the various nuclear superheat 
projects in the United States has been covered 
in several previous issues of Power Reactor 
Technology. In particular, Vol. 7, No. 3, pre- 
sented the designs of the BONUS and Pathfinder 
integral boiling-superheating power reactors. 
Both these reactors are currently in the process 
of startup. Two experimental superheating re- 
actors, BORAX-V and EVESR, have had some 
operating experience. The present state of the 
art of the U. S. superheat program is sum- 
marized in Ref. 1. 

Table III-1 lists pertinent data for three in- 
tegral boiling-superheating plants. The EVESR 
(Fig. III-1) is a separate superheat reactor in 
that it superheats steam from an outside source 
rather than evaporating and superheating within 
the same vessel. At present the saturated steam 
is being supplied by a fossil-fired boiler. The 
fuel is of annular geometry, as shown in Fig. 
III-2. Steam flows down the annular flow passage 
to the bottom plenum of the element, reverses 
flow direction, and flows up the central hole. 
Other details of the reactor are given in Table 
III-2. 

Superheating reactors are being studied not 
only in the United States but also in Germany’ 
and the Soviet Union.’ Reference 2 is adescrip- 
tion of a prototype integral superheat reactor 
that was scheduled to be started in Germany in 
late 1964. The plant is to be 100 Mwi(t) and is 
to produce steam with a temperature of 500°C 
at a pressure of 60 ata. The plant site is at 
Kahl, and the prototype reactor will power an 
existing turbine-generator set. The reactor 
core is composed of 45 fuel assemblies, ar- 
ranged in a 7 by 7 lattice with the corners 
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missing (Fig. III-3). Each assembly is com- 
posed of 64 fuel elements of a hollow, annular 
design (Fig. III-4). The interesting coolant- 
flow path within the vessel starts with the 
liquid water undergoing heating and boiling 
on the exterior of the annular fuel elements, 
under natural-circulation flow. The saturate 
steam flows to the upper portion of the pres- 
sure vessel and enters the superheating pas- 
sages of the center 25 fuel assemblies viż 
appropriate piping. Each fuel assembly is two- 
pass in design, with steam flowing down the 
center hole of the outer 32 fuel elements anc 
up the center hole of the remaining 32 elements. 
The partially superheated steam then flows tc 
the outer 20 assemblies, shown shaded in Fig. 
IlI-3. The same two-pass flow within the as- 
semblies takes place, producing steam of the 
final desired temperature. The entire reactor 
is thus essentially a four-pass superheater. 


The combination boiling-superheating fuel 
element is an advanced concept and must be 
designed carefully with respect to thermal 
Stresses. In the fuel element shown in Fig. 
IlI-4, a rather large temperature difference 
will exist between the walls in contact with the 
superheated steam and those in contact with the 
boiling water. In addition, the superheater wall 
temperature in the second-pass elements will 
be greater than the corresponding wall tem- 
perature in the first-pass elements. The latter 
problem is to be solved by bellows, and the 
other thermal stress is to be taken up by the 
use of proper material combinations to with- 
stand the stresses. Elements of this general 
type have been constructed and irradiated in 
the United States; this program was reviewed 
in the March 1963 issue of Power React 
Technology, 6(2): 75-80. Superheat tests have 
also been run in the Kahl boiling-water reac- 
tor and are briefly reviewed in Ref. 2. The 
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Kahl facility apparently is an in-pile loop 
capable of testing fuel elements, but not neces- 
Sarily elements of full length. In February 
1964, two fuel tubes were removed from the 
loop after a burnup of about 1150 Mwd/ton. 
These combination elements were clad with 
[Inconel X and Hastelloy C, and both were 
“‘undamaged”; the maximum cladding tempera- 
ture reached was relatively low — about 770°F. 
These tubes were fabricated from UO, pellets 
of annular geometry, although vibratory com- 
paction is also being studied as a fabrication 
method. 

Details of the Russian superheating reactor 
are given in Ref. 3. This plant is currently 
being completed in the Ulyanovsk region of the 
Soviet Union and will be an extremely flexible 
test facility. Two cores are presently con- 
templated for the facility—-a small core (for 
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initial use) that will produce saturated steam 
at a pressure of 100 atm and a large core that 
will generate 90 atm of superheated steam at a 
temperature of about 500°C. The reactor asa 
whole is being designed to generate steam at 
pressures between 30 and 100 atm. Figure III-5 
shows the plant flow diagram. The turbine is 
designed to operate with saturated steam ata 
pressure of 29 atm, and the high-pressure 
steam separator shown in Fig. III-5 provides 
for throttling of the steam, which will be gen- 
erated at higher pressures. Superheated steam, 
when produced, can be delivered to a separate 
turbine or to a special cooler. The plant also 
provides for dual-cycle operation by the in- 
clusion of steam generators in which 30 atm of 
saturated steam can be generated. Data on the 
reactor are given in Table III-3. Figure III-6 
is a view of the reactor as arranged for super- 








Table III-1 BOILING-WATER REACTOR PLANTS WITH INTEGRAL SUPERHEAT DESIGN DATA! 
BONUS BORAX-V Pathfinder 
Site Puerto Rico NRTS, Idaho Sioux Falls, S. Dak. 
Owner* USAEC USAEC NSP 
Reactor designer* GNEC ANL A-C 
Operating contractor* PRWRA ANL NSP 
Electric power, Mw(e) gross 17.5 3.5 66 
Electric power, Mw(t) net 16.5 3.5 62.5 
Thermal output, Mw(t) 50 20 200 
Plant steam cycle Direct Direct Direct 
Position of superheater region Peripheral Central or peripheral Central 
Nominal operating pressure, psig 975 600 600 
Turbine throttle steam pressure, psig 850 350 (587 available) 535 
Saturated steam temp., °F 543 489 489 
Superheated steam temp., °F 900 850 825 
Thermal power to boiling, Mw 37 16.6 157 
Thermal power to superheating, Mw 13 3.4 43 
Gross cycle efficiency, % 35 33 
Net cycle efficiency, A 33 31 
Maximum superheat fuel-cladding 1175 1110 1250 
temp., °F 
Boiling Superheater Boiling Superheater Boiling Superheater 
Effective outside core dia., ft 3.34 4.83 3.25 1.0 5.75 2.5 
Core height, ft 4.55 4.55 2.0 2.0 6.0 6.0 
Structural material (core) Zircaloy-2 S.S. 348 A1(X8001) S.S. Zircaloy-2 S.S. 
Fuel type Rod Rod Rod Plate Rod Double 
tubular 
Fuel material UO, UO, UO, UO, S.S. UO, UO,- S.S. 
cermet cermet 
Fuel enrichment, % 2.40 3.25 4.95 93 2.2 93 
Cladding material Zircaloy-2 Inconel S.S. 304 S.S. 304L Zircaloy-2 S.S. 316L 
Control-rod shape Cruciform Slab Cruciform Cruciform Cruciform Round rod 
and “T and uT” 
Control-rod material 1.0 wt.% 1.0 wt.% Boral Boral 2 wt.% 2 wt.% 
B! in B! in boron in boron in 
S.S. S.S. S.S. S.S. 
No. of steam passes 4 2 1 
Average power density, kw(t)/liter 33.6 11.5 42.5 40.5 45.2 46.5 





*GNEC = General Nuclear Engineering Corporation. 
PRWRA = Puerto Rico Water Resources Authority. 
ANL = Argonne National Laboratory. 

NSP = Northern States Power. 
A-C = Allis-Chalmers. 
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Table HI-2 DESIGN PARAMETERS OF THE 
EVESR REACTOR 


Type 


Power, Mw(t) 

No, of fuel elements 
Process tubes/fuel element 
Cladding 


Maximum cladding-surface 
temp., °F 


Helerogencous, light-water- 
moderated, thermal- 
neutron, steam-cooled 

12.5 (initial) 

32 

9 (3 by 3 array) 

Incoloy, Inconel, S.S. 304 
(commercial), S.S. 
304VM, S.S. 310VM 
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heating, and Fig. III-7 shows the cross section 
of the “large” core. The reactor is controlled 
by 31 movable assemblies for reactivity com- 
pensation and 6 safety assemblies. These ap- 
pear to be similar in design and operation to 
those employed in the WWER, and their posi- 
tions are illustrated in Fig. III-7. The follower 
employed in the safety assemblies is a zirco- 
nium scatterer, however, and is not fueled. 


Table III-3 CHARACTERISTICS OF THE RUSSIAN 
INTEGRAL SUPERHEATING REACTOR 





Pressure-vessel size 


Outside diameter, m 3.8 
Height, m 11.0 
Boiler fuel-assembly details 
Fuel UO, 
Cladding Zr alloy 
Cladding outside diameter, mm 10.2 
Cladding thickness, mm 0.6 
Fuel-element geometry Hexagonal 
Distance across flats, mm 176 
No. of fuel pins/assembly 127 
Fuel-pin pitch, mm 15.1 
Superheater fuel-assembly details 
Fuel UO, 
Cladding S.S. 
Cladding outside diameter, mm ~10.2 
Cladding thickness, mm 0.5 
Fuel-element geometry Hexagonal 
Distance across flats, mm 176 
No. of fuel pins/assembly 61 
Steam-flow-channel width, mm 1 


Insulating material Stagnant steam 


Large Small 
core core 
Power, Mwit) 250 150 
Core dimensions 
Diameter, m 2.6 1.8 
Height, m 2.0 2.0 
No. of fuel assemblies inthe core 181 85 
Boiling zone 109 
Superheater zone 72 
UO, loading in the core, tons 19.3 11.4 
Boiling zone 14.6 
Superheater zone 4.7 
W ater-to-uranium ratio 2.0 
Boiling zone 1.5 to 2.0 
Superheater zone 3.0 to 3.5 
Balance of reactivity, © keff 
Temperature effect (to 309°C) 2.4 3.5 
Steam generation (for average 
steam fraction) 2.0 Up to 3.5 
Doppler effect 1.6 2.0 


Xenon and samarium poisoning 

(in equilibrium state) 4.2 
Fuel burnup 5.7 
Structural elements 1.0 
Total reactivity excess ina 

cold clean reactor 17.0 21.5 

Worth of control devices ina 

cold reactor, % kett including: 

Absorbers with mechanical 


N @ A 
U N 


drives 19.0 24.0 
Liquid poison 20.0 20.0 
Maximum fuel-element heat flux, 
kcal/(mê)(hr) 1.2 x 106 1.2 x 106 
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Fig. III-5 Principal flow diagram of the Ulyanovsk 
plant.’ 


The two-pass superheating fuel element is 
illustrated in Ref. 3, but the print is of poor 
quality, at least in the copy seen by this re- 
viewer. Figure III-8 approximates the fuel-pin 
design, however. The reactor is designed to 
utilize natural circulation. Construction ap- 
parently was well under way when downcomer 
entrainment was discovered to be a serious 
design consideration for boiling-water reactors, 
and according to Ref. 3 the downcomer entrain- 
ment will be 10 to 20%. 

Consideration of Fig. III-6 indicates that the 
high downcomer velocity comes about primarily 
because of the placement of the reactor chimney 
around the entire core. The BONUS reactor, 
which is similar in a number of respects to the 
Russian design, has the core cage around the 
boiling zone only, and the downcomer velocities 
are low in the zone of steam-water, separation. 
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Directions of Future 
Developments 


Since no extensive operating experience has 
yet been gained with a pressure-vessel super- 
heating reactor, it is difficult to comment oi 
the performance of the concept as a whole. 
much less to predict future trends. In the 
United States a very considerable effort ha: 
been committed to the development of the 
reactor type, and both integral and separate 
designs have been constructed. The attento: 
of the reader is directed toc the superhe.: 
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write-up in the Summer 1964 issue of Power 
Reactor Technology, 1(3): 310-312, for a dis- 
cussion of some of the pertinent problems 
pertaining to nuclear superheat with integral 
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Fig. II-9 Typical fuel-assembly cross section for 
pelletized fuel in the second core of the BONUS 
reactor.‘ 
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reactors. With the exception of the nuclear 
coupling of the boiling-superheating portions 
of the core, the separate superheat concept 
exhibits qualitatively the same problems as 
the integral designs, although the steam-water 
separation problem may be somewhat different, 
and presumably more control can be exercised 
over the conditions of the steam fed to the 
superheating elements. 

The combination boiling-superheating fuel 
used by the German designers has been dis- 
cussed previously. A similar principle is being 
used for the second core of the BONUS reac- 
tor,’ and a typical fuel element is shown in 
Fig. III-9. The figure shows a design utilizing 
pelletized fuel, but vibratory compaction is 
also being considered. 
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Power Reoctor Technology 


The existing reactor of the graphite-moderated 
superheating type is located at the Beloyarsk 
power station of the USSR. The reactor (called 
hereafter Bel-1) has been in operation since 
May 1964, generating electricity at reduced 
power. A second reactor of this type (called 
Bel-2) is currently being built at the same 
site. For the future outlook and the status of 
the graphite-moderated reactor to be under- 
stood, it is necessary to examine the early 
history of the Bel-1 plant. 

The basic design of the Bel-1 type fuel ele- 
ment was established with the First Atomic 
Power Station (FAPS).! The fuel element for 
the FAPS reactor is shown in Fig. IV-1. In 
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Fig. IV-1 Vertical section of the fuel channel in 
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Graphite-Moderated 
Superheating Reactors 


FAPS the coolant was pressurized water, :- 
though this same type of element was a: 
operated under boiling conditions and was us:. 
in a test loop to superheat steam.’ The FAF: 
element was fueled with 5% enriched uraniur 
alloy. The center tube was unfueled, and th 
uranium was canned as shown. All the tubes = 
the fuel channel were made of the Russian stet. 
“1X18H9T,” which is similar to the AISI 321 
stainless steel.? Dimensions of the varia: 
tubes are given in Table IV-1. The tubular 


Table IV-1 DIMENSIONS OF THE FAPS 
FUEL-ELEMENT COMPONENTS 


Diameter, Thickness, 
Item mm mm 
Central tube 15 0.6 
Peripheral tube 9 0.4 
Outer cladding 14 0.2 


Spirals at the upper end of the FAPS element 
allow for relative movement between the cen- 
tral tube and the assembly of peripheral tubes. 





This would be particularly important if the | 


element were used for superheating sinee the 
central tube wall would run at a temperature 
somewhat above saturation and the periphera! 
tube would operate at a temperature approxi- 
mating the superheated-steam outlet temperi- 
ture. The peripheral tubes, the fuel, and the 
outer cladding can operate as a unit; i.e., when 
the peripheral tubes expand, the fuel and the 
outer tube can move relative to the graphite 
Surrounding the fuel tubes. 

The fuel element used in Bel-1 is similar 
to the FAPS design (Fig. IV-1) except that the 
temperature-compensating coils are located 2t 
the bottom of the element.‘ Reference 4 is the 
Second Geneva Conference paper on the design 
of Bel-1, and Ref. 5 is the Third Geneva Con- 
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>rence paper on the development of both Bel-1 
nd Bel-2. In addition, the peripheral steam 
abe in Bel-1 was changed in size with respect 
> FAPS, so that it had a diameter of 9.4 mm 
nd a thickness of 0.6 mm with an outer clad- 
img diameter of 20 mm. The change in location 
f the expansion coils is not explained, and, in 
act, they are placed back at the top of the ele- 
1ent in the Bel-2 fuel-element design. The 
$el-2 design will be discussed shortly. Instead 
f four peripherally located fuel elements, the 
$el-1 fuel has six, all fed by a central tube. 
‘he same size and type of element is used for 
oth boiling and superheating in Bel-1, but 
ne materials may be different in the two 
pplications. 


Fig. IV-2a The Bel-1 fuel element on display at the 
Russian Geneva exhibit. The photograph shows the 
lower end of a fuel element positioned over a process 
tube. The mockup shows adjacent process lubes, al- 
though for some reason they do not match, bosition- 
wise, the holes in the graphite logs. The light-colored 
blocks shown surrounding the assembly probably 
simulate the loading face of the reactor, although in 
the actual plant they are positioned above the location 
shown in the photograph. 
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Fig. IV-2b The Bel-1 fuel element showing the 
upper portion of the compensating coils. The hori- 
zontal spacer shown is the same one located al the 
top of Fig. IV-2a. 


Figures IV-2a, IV-2b, and IV-3 are photo- 
graphs, taken by the reviewer, of the Bel-1 
fuel element on display at the Russian exhibit 
in Geneva. The compensating coils are shown 
in Fig. IV-2b, and Fig. IV-3 is a cutaway of the 
fuel element in the uranium-bearing region. 
Figure IV-3 shows that the outer cladding is 
dimpled with circular indentations. Although 
the reasons for these indentations are not given 
in the references, it is presumed that they 
assist in giving axial support to the fuel and 
also act as bellows. There is a thermal-stress 
design problem arising from a difference in 
temperature between the inner and outer clad- 
ding tubes of the fuel annulus, which are welded 
together at their ends to contain fission gas. 
The inner cladding tube is steam cooled, where- 
as the outer cladding presumably is»not.c The 





Fig. IV-3 The Bel-1 fuel element illustrating a cut- 


away view of the fueled region. Three peripheral 
superheating subelements are shoun with the center 
one being sectioned to illustrate the fuel (dark, verti- 
cal portions) and internal cladding surface (shiny, 
vertical portion). The tubes at the left and right show 
circumferential indentations, probably for expansion. 


fuel is a dispersion of uranium-molybdenum 
alloy in a magnesium matrix. The evaporating- 
channel characteristics for Bel-1 and FAPS 
are listed in Table IV-2, and Table IV-3 lists 
the superheating-channel characteristics. 

An interesting feature of Bel-1 is that the 
steam to be superheated is not generated 
directly in the reactor but in a separate steam 
generator using the indirect-cycle principle. 
Details are shown in Fig. IV-4. 

The permanent structure of the reactor con- 
sists of a graphite stack that has a diameter of 
9.6 m and a height of 9.0 m. The basic building 
block is a 200- by 200-mm graphite log pene- 
trated by an axial hole. The core contains 730 
boiling assemblies, 268 superheating assem- 
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blies, 78 compensating control rods, 16 safer 
rods, 6 automatic control rods, 2 countin:- 
chamber assemblies, 4 starting-chamber a:- 
semblies, and 30 ionization-chamber assem- 
blies, for a total of 1134 core positions. 
Coolant conditions are given in Table IV-4. 


Bel-1 achieved criticality in September 196: 
and initial loadings were with boiler-only fu-. 
both flooded and voided. A full core was load: 
for critical experiments. This consisted of %5 
evaporating elements enriched to 2%, 230 evar- 
orating elements enriched to 1.5%, and 2¢: 
superheating elements enriched to 1.5%. Ac- 
cording to Ref. 6, only 64 boron-steel cor- 
pensating rods were used, however. A numb: 
of physics experiments were conducted wi 
Bel-1, and these included power distributions. 
rod worths, power split, and void coefficients. 
The startup of the reactor had been simulate: 
with the aid of FAPS,’ and the following meth: 
was approved for use: 


1. Filling the circuits with water and then h: 
ing them .up to 180°C at 5—10% power levelu. 
establishing the level in the bubbler. 

2. The plant heating up to 230°C at 10 —15% prac’ 
level. 


3. Establishing the level in the evaporatorsi: | 
blowing through the superheating channels at 2-. | 


power level. 





4. Raising reactor power level to 20% and: | 


creasing secondary circuit pressure up to: 
nominal. 

5. Establishing the level in 
bringing primary coolant to boiling. 


separators, ic | 


6. Feeding steam to the turbine and fur! — 


power rising. 


To study this process with the Bel-1 reacto:. 
the Russians removed all but two superheatt: 


elements and the startup procedure previous!: | 
determined with FAPS was checked and fou: 


adequate. Voiding the superheating elemer:: 
was found to take about 6 min and to proce: 
“smoothly.” A total of 192 superheating e!:- 
ments were loaded, and the reactor was th: 
brought to power to study voiding of this rel:- 
tively large number. These results are int- 
cated in Fig. IV-5. The “scavenging” operatic 
mentioned in the figure apparently refers to th 
injection of a solution of hydrazine hydrate int 
the secondary circuit to control oxygen co- 
centration. On Apr. 26, 1964, steam wag fed t 
the turbine, but, since less than the mrmi 
number of superheating elements were still 
being used (192), the superheat teraperetun 


reached only 390°C (734° F). s s 
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Table IV-2 EVAPORATING-CHANNEL CHARACTERISTICS’ 


Bel-2 reactor 


FAPS Bel-1 Zone Zone Zone Zone Zone 
reactor reactor I II III IV V 
Channel power, kw 300 405 771 634 617 545 517 
Coolant flow ratę through 
the channel, kg/hr 2500 2400 5500 4700 4150 3550 3250 
Steam void at channel 
outlet, % 33.6 27.6 29.3 30.5 32.1 34.2 
Pressure at channel 
inlet, atm 100 155 155 
Pressure at channel 
outlet, atm 98 150 145 
Coolant temperature at 
channel inlet, °C 200 300 300 
Coolant temperature at 
channel outlet, °C 290 335 338 
Maximum thermal load, 
keal/(m?)(hr) (x 1078) 1.8 0.5 0.8 0.7 0.6 0.5 0.5 
Circulation rate, m/sec 4 3.5 4.6 4.0 3.5 3.0 2.7 
Maximum temperature, °C 
Tube inner wall 324 355 365 
Fuel 382 400 415 
Ratio of burnout heat flux 
to maximum heat flux 2 1.85 1.9 1.9 2.0 1.95 
Table IV-3 SUPERHEATING-CHANNEL CHARACTERISTICS! 
Bel-1 Bel-2 
reactor reactor 
Maximum channel power, kw 368 767 
Minimum channel power, kw 202 548 
Steam flow rate through maximum 
power channel, kg/hr 1900 3600 
Steam flow rate through minimum 
power channel, kg/hr 1040 2570 
Bel-2 downstream Bel-2 upstream 
fuel elements* fuel elements* 
Channel inlet pressure, atm 110 132 124 
Channel outlet pressure, atm 100 125 110 
Channel inlet steam temperature, °C 316 328 397 
Channel outlet steam temperature, °C 510 399 508 
Maximum thermal load, 
keal/(m?)(hr) (x 10 $) 0.48 0.83 0.68 
Maximum steam velocity, m/sec 57 76 112 
Maximum temperature, °C 
Tube inner wall 530 426 531 
Fuel 550 482 565 
Graphite 725 735 


*The terms ‘‘downstream”’ and ‘‘upstream’’ apparently should have been translated ‘‘downflow’’ 
and ‘‘upflow,’’ respectively. Obviously the downstream element is the first-pass element, and the 


upstream element is the second-pass element. 


or the addition of more superheat elements to 
ncrease the steam temperature to about 500°C. 

The future plans for the reactor type intro- 
tuce the reader to the second Beloyarsk reac- 
or, Bel-2. The graphite stack for this reactor 
s similar to Bel-1 with respect to size and 
aumber of channels, but the second reactor 
should produce 200 Mw(e). This factor of 2 in- 
crease in power is startling at first considera- 


tion, but its explanation is reasonably straight- 
forward. The coolant cycle has been changed 
from indirect boiling to direct boiling, as shown 
in Fig. IV-6. Two possible arrangements are 
being considered and are shown as parts a 
and b in the figure. The difference between the 
two cycles is the presence (see part a of Fig. 
IV-6) of a bypass line that allows some of the 
feedwater to be injected into the steam.Sepa- 
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Fig.IV-4 Flow sheet of the first unit of the Beloyarsk Nuclear Power Station.® 


rator after it has passed through the regenera- 
tive heater designatedas the “steam-generator 
heater.” This is said to be used for “steam 
washing,” but its significance is not readily 
apparent. Besides the cycle change between 
Bel-1 and Bel-2, the elements of the latter are 
to be constructed with slightly larger coolant 
channels. These details are shown in Table 
IV-5. 

Probably the most significant change between 
the two reactors is the superheater fuel for 
Bel-2. Just how the UO, is to be used in the 
Bel-2 superheater elements is not clear; the 
Single mention of UO, in Ref. 5 is an offhand 
one, as follows: 


Upstream superheating elements design and dioxide 
uranium-based fuel ensure steam superheating up 
to 500°C; this is confirmed by loop-tests on the 
first power plant reactor. 


On the basis of Table IV-3, we assume that the 
intent is to substitute UO, for the uranium- 
molybdenum alloy in the dispersion type ele- 
ment, for the maximum fuel temperature listed 
is far lower than that which would characterize 
a solid oxide fuel body. It is disappointing that 
the information on the details of the Beloyarsk 
elements is so limited, for it is this aspect of 
the reactor which is probably of greatest in- 
terest to designers outside the USSR. 

The mechanical design of the Bel-2 super- 
heater elements has also been changed from 
that of Bel-1. The central, unfueled tube feed- 
ing steam to the peripheral channels in the 
Bel-1 element has been removed and the ele- 
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ment converted to two-pass design. Thes: 
details are shown in Fig. IV-7. As a result t- 
steam velocity is greatly increased, from 57t 
112 m/sec (Table IV-3), and the improve: 
heat-transfer coefficient allows an increase r 
power. In place of the central tube, an absorbe: 
pin is included in the Bel-2 element, Thes: 
absorbers, which probably are manually ma- 
nipulated, make possible a reduction of the 
radial power-peaking factor for the core to 1.3. 
compared to a value of 1.4 in Bel-1 (see Ref. 5. 
The evaporating elements for Bel-2 retain thé 
center tube for coolant flow. The increase in 
power from the boiling portion of the core ap- 
pears to be the result of rather careful zoning 


Table IV-4 MAIN CHARACTERISTICS OF THE 
REACTOR COOLANT IN THE BELOYARSK 
NUCLEAR POWER STATION 





Characteristics 





Reactor thermal output, Mw 286 
Electrical output, Mw 100 
Ratio of superheating- to 








evaporating-channel output, % 30.0 
First Secon 
circuit circuit 
Coolant tlow rate, tons/hr 1200 405 
Coolant pressure, atm 
At reactor inlet 155 110 
At reactor outlet 150 95 
Betore the turbine 150 go 
Coolant temperature, °C 
At reactor inlet 300 31e 
At reactor outlet 340 81n 
Before the turbine 340 Wt 
Average steam quality at channel 
outlet, wt.% 33.6 
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Fig. 1V-5 Curves of changes in the main parameters of the plant during transition to steam super- 


heating conditions.® 
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41. Reactor 6.Feed Pump 

2. Seporoator 7.8 Low- and High- Pressure 
3. Steom-Generotor Heoter ™ Regenerative Heoters 
4. Circulation Pump 9. Turbine 

5. Deoerator 


Fig. IV-6 Possible flow sheets for uranium-graphite tube type nuclear superheat reactors.° 


Table IV-5 COMPARISON OF BEL-1 AND BEL-2 


Boiler and superheater fuel- 
element peripheral-tube 
diameter/thickness, mm 


BOILING AND SUPERHEATING FUEL ELEMENTS Upstream Space for 
Fuel Element Absorber Pin 
Bel-1 Bel-2 
Downstream 
3470.6 12/06 Fuel Element Fuel 


Fuel material 
Boiler element 
Superheater element 








U-Mo-Mg U-Mo-Mg 


U-Mo-Mg UQ, Fig. IV-7 U-shaped superheating channel cross sec- 


tion. 
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of the reactor to match flow and power of the 
boiling assemblies. The results are indicated 
in Table IV-2. 

The step beyond Bel-2 is stated to be super- 
critical operation. The tube type Beloyarsk 
reactors are suited to this type of opera- 
tion because the pressure-bearing portions 
of the reactor are of small diameter. Even 
so, the cladding begins to get quite thick for 
supercritical-pressure operation, with atten- 
dant thermal-stress problems during tran- 
sients. It is estimated in Ref. 5 that the Bel-1 
and Bel-2 reactor size could be made to pro- 
duce 800 to 1000 Mw(e) if a supercritical, 
once-through design were possible. It is also 
suggested that an advanced reactor be operated 
with partially unclad fuel to remove fission gas 
and reduce the amount of steel in the core. 
This would be accomplished by removing the 
outer cladding tube, although relative move- 
ment of the coolant tube with respect to the 
graphite would have to be provided for. 
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y Heavy-Water-Moderated 


Power Reactor Technology 


The effort on heavy-water- moderated pressure- 
tube reactors throughout the world is indicated 
in Table V-1. The Canadian effort is by far the 
largest and the farthest advanced. The two 
Canadian power reactors, NPD and CANDU, are 
both cooled and moderated by D,O, are fueled 
with natural UO, clad with Zircaloy-2, and 
employ calandria tanks to contain the modera- 
tor. The calandria tubes of NPD are aluminum, 
whereas those of CANDU are nickel-free Zirca- 
loy-2. Design features of NPD are given in 
Ref. 1, and those of CANDU, in Refs. 2 and 3. 
Until the recent announcement! of a program 
directed toward the development of a 300- 
Mw(e) organic-cooled plant, there had been no 
definite plans for a large-scale heavy-water 
reactor in the United States. Nevertheless, the 
U. S. effort has been considerable and has re- 
sulted in the construction of a 17-Mw/(e) proto- 
type (the Carolinas-Virginia plant, CVTR), as 
well as a reactor that operates at comparable 
temperatures and thermal-power levels for 
plutonium-recycle development (the Plutonium 
Recycle Test Reactor) and a reactor for de- 
veloping fuel elements for D,O power reactors 
(the Heavy Water Components Test Reactor). 
All these reactors are cooled and moderated by 
heavy water. The Carolinas-Virginia reactor 
was described in Power Reactor Technology, 
6(4): 63-81; the most recent general review of 
heavy-water reactors was in 7(1): 85-98. 
Interest in heavy-water-moderated reactors 
is also high in other countries, but there is 
considerable diversity in the choice of coolant. 
The Steam Generating Heavy Water Reactor 
(SGHWR)** utilizes boiling light water, the 
DON reactor uses organic coolant,” 11 whereas 
EL-4 (Refs. 12 to 15) and the Lucens reac- 
tors'®"8 are cooled with CO,. Of the reactors 
under study or development, the DOR °” the 
R-1 and R-2, (Ref. 21), and the U. S. project” 
are all designed to be organic cooled. The 


Pressure-Tube Reactors 


German reactor study involved gas cooling.” 
In addition to these power reactors, at least 
two test reactors are being constructed to 
study the problems arising from organic cool- 
ing. These are the Canadian WR-1, reviewed in 
the Summer 1964 issue of Power Reactor Tech- 
nology, 1(3): 324-327, and the ESSOR.” 


Operating Experience 


Extensive operational experience has been 
reported°5,26 for the NPD reactor. Reference 25 
contains information on reactor physics aspects 
of the startup. Various reactivity coefficients 
were determined, including the moderator-level 
coefficient of reactivity, reflector reactivity 
worths, and temperature coefficients of reac- 
tivity. The reactivity balances at two different 
points in the lifetime are shown in Table V-2. 

As is indicated in Table V-2, the sources of 
reactivity adjustment, other than fuel manage- 
ment, are quite limited, consisting only of 
changes in moderator level and moderator tem- 
perature. The normal NPD fueling operation 
consists of inserting a bundle in one end ofa 
pressure tube, thereby shifting all the bundles 
within the tube by one bundle length and expel- 
ling the last bundle. This bundle may then be 
either discharged or recycled ina channel fueled 
in the opposite direction. This operation was 
studied by means of a computer code simulating 
the reactor, STOKE, which calculated the burnup 
of all fuel bundles by increments, taking fuel 
shifts into account. The code was designed to 
select the best shift for the current state of the 
reactor, consistent with the particular refueling 
scheme being studied. The original NPD loading 
consisted of natural and depleted UO,. The fuel- 
management principle consisted of shifting fuel 
in the channel containing the bundle with the 
highest burnup and recycling an expelled bundle 
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it contained natural uranium and had a burn- 
> less than a specified fraction of the burnup 
- the discharged fuel at equilibrium. The 
mulation of the NPD fueling, assuming re- 
ycle if the exit burnup was less than half the 
quilibrium burnup, resulted in the data shown 
1 Fig. V-1. This figure predicts the number 
: fuel shifts and number of bundles discharged 
ind fed), assuming the NPD starts from its 
1itial arrangement of partially depleted fuel. 
1 practice, however, the NPD ran with de- 
leted uranium fuel from its initial criticality 
1 April 1962 to December. At that time the 
10derator and coolant became contaminated 
ith light water, as will shortly be discussed, 
nd the depleted fuel was removed to compensate 
yr the resulting reactivity loss. 

The degrading of the D,O was caused by a 
1ajor leak at the seal between the fueling 
1achine and the pressure tube the first time 
n-power fueling was attempted. The spilled 
eavy water was downgraded from 99.7 to 
9.1% D,O and was contaminated by oil and 
rout. An upgrading program was initiated, and 
ne purity was about 99.6% as of the writing 
f Ref. 26. The reference also states that loss 
nd downgrading of the moderator have been 
egligible and that practically all D,O losses 
nd downgrading have come from the heat- 
ransport system. The following quotation sum- 
narizes the D,O loss experience on NPD:”° 


(a) Low escape rates depend a great deal on quality 
of the original design and construction. 

(b) Quite high chronic escape rates are acceptable 
if recovery is efficient i.e. if the ‘‘dry-room 
principle’’ is followed. 

(c) At a large station, it is not economical to sac- 
rifice capacity factor in order to repair leaks. 
Consequently, if leaks are bad, recovery is es- 
sential. 

(d) There is no valid experience to show that escape 
rates can be held to extremely low values over 
long periods of time, without serious loss of ca- 
pacity factor. 

(e) With efficient recovery, loss rates are virtually 
independent of escape rates, and can be very 
low. 

(f) NPD experience has shown that use of vapour- 
recovery equipment is both feasible and sensi- 
ble. 

(g) With efficient recovery, the loss rate can be 
virtually unaffected by station size. 

(h) The ‘‘dry-room principle’’ not only is valuable 
for the everyday situation, but would have re- 
duced the cost of the acute escape on 3 Dec. 
1962 by an order of magnitude. 

(i) D,O losses can be maintained acceptably low in 
any station whose design is based on NPD ex- 
perience, and D,O escape rates can be signifi- 
cantly reduced. 
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Fuel and pressure-tube performance have 
been good. Other than the major failure that 
occurred during the first refueling attempt — 
the refueling machines have been subsequently 
modified to prevent a future occurrence—the 
fueling-machine experience has been “highly 
successful. ” 


Significant Features 


Fuel and Cladding Materials 


In support of NPD, CANDU, and various 
heavy-water-moderated power-reactor studies, 
the Canadians presented several important 
papers on the behavior of fuel and cladding 
materials.2’-°° Some of the details pertain 
explicitly to NPD and CANDU type reactors, 
but others are of general interest to reactor 
designers. A rather interesting conclusion?’ 
was that high UO, density may not be an im- 
portant goal for operating fuel elements, since 
low-density material (less than 10.3 g/cm’) 
provides for the retrapping of escaped fission 
gas. The elimination of the need for a plenum 
or other space within a fuel element to ac- 
commodate fission gases may be an important 
design consideration for certain fuel elements — 
particularly for the typical short Canadian 
elements, since plenums at the ends of the 
elements tend to cause power peaks in the fuel 
adjacent to the plenums. Reference 28 details 
the performance of the NPD and CANDU fuel 
elements and contains some interesting cost 
data. On the basis of production experience 
with the NPD and CANDU fuel elements, it is 
estimated” that the average cost of fuel for a 
1000-Mw(e) CANDU type reactor would be 
$50 per kilogram of uranium +10%. This re- 
sults in a fuel cost of about 0.8 mill/kw-hr 
if the fuel is discarded without reprocessing. 

Reference 30 discusses in-pile results for 
test fuel elements cooled by organics. Test 
elements were manufactured with sintered- 
aluminum-product (SAP) cladding containing 7 
and 10% oxide (SAP 930 and 895, respectively) 
and a material apparently from another producer 
also containing 7% oxide, M 257 or M 583. The 
rods were designed to be freestanding under 
coolant pressure (300 psi) and with sufficient 
diametral fuel-jacket clearance to theoretically 
produce no diametral sheath strain at operating 
conditions. This was done because of the in- 
ability of SAP to deform plastically. The results 
of the irradiations are given in Table.V-3. 
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Although the causes of the stress cracks (tests 
714-I and 714-1) were unknown, the reference 
10tes that sheath strain probably did exist, due 
© migration of cracks within the fuel until the 
jiametral clearance was eventually transferred 
‘Oo a central void. Evidence of a reaction be- 
‘ween UO, and SAP was observed, and this was 
also noted in Ref. 31. The good performance 
of the zirconium-niobium clad UO,, illustrated 
in Table V-3, shows promise for the material, 
out further experiments were planned to test 
the hydriding behavior. 
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the exception of that shown for EL-3. Soluble 
poisons dissolved in the D,O were studied, 
namely boric acid and the sulfates of cadmium, 
lithium, and gadolinium. Although the concept 
appeared feasible, the use of a so-called “gas- 
eous” control rod, composed of °He, is dis- 
cussed for application to EL-4. 

Canadian experience with the decomposition 
of D,O in various reactors is summarized in 
Table V-5. The NRU and NPD results shown in 
the table illustrate that increasing acidity and 
temperature both decrease the equilibrium con- 


Table V-4 COMPOSITION OF MAGNESIUM-BASED ALLOYS SUITABLE FOR CLADDING OF 
GAS-COOLED REACTORS 


Type of 
alloy Be Si Al Th 
PMB From 0.5 0.01 
to 32 
MB-3 0.04 0.5 
MB-4 0.08 to 0.7 
0.15 
Mg-Al-Be 0.04 0.5 
Mg-Th- Be 0.04 3 


Mg-Ca-Zr-Be 0.04 


References 32 through 34 are concerned 
with metallurgical problems of other cladding 
materials. The FeAl40, which is an iron- 
aluminum alloy containing 40 at.% aluminum, 
is a possible cladding for EL-4, the French 
gas-cooled reactor. The material offers pos- 
Sibilities as a substitute for beryllium, although 
it apparently has low ductility.*? The reference 
gives mechanical-property data and discusses 
welding and corrosion resistance. The magne- 
Sium-beryllium alloy described in Ref. 33 
probably is the alloy mentioned for the Russian 
Organic-cooled reactor R-1 (Ref. 21), although 
in Ref. 33 it is presented as a possible cladding 
for a gas-cooled reactor. Several alloys were 
considered (Table V-4), in composition ranges 
Similar to the British Magnox alloys. 


Water Chemistry—Experience with DO 


A key consideration in the heavy-water- 
moderated reactor is the technology of the 
moderator itself, and three papers were devoted 
to this subject. 5-31 Figure V-2 summarizes 
French experience with a number of low- 
temperature D,O-moderated reactors with re- 
Spect to moderator degradation. The figure 
apparently pertains to the situation in which 
no on-stream upgrading was attempted, with 


Composition of alloys, wt.% (balance Mg) 
Fe Mn Ni Cu MgO Ca Zr 


0.04 0.001 0.005 0.2 


0.01 0.001 0.001 0.005 
0.01 0.001 0.001 0.005 


0.01 0.001 0.001 0.005 
0.01 0.001 0.001 0.005 
0.01 0.001 0.001 0.005 0.5 0.5 


centrations of diSsolved radiolytic gas. The 
problem of maintaining a nonexplosive atmo- 
sphere in spaces adjacent to the moderator 
water is not a trivial one and must be con- 
sidered during reactor design. The NPD reac- 
tor moderator chemistry is also complicated 
by irradiation-formation of nitric acid from 
nitrogen introduced in air leakage. 


Canadian experience in upgrading D,O is 
contained in Ref. 37. The various Canadian 
reactors contain about 200 metric tons of D,O 
altogether, and a number of incidents over the 
years have resulted in the reprocessing of 
many metric tons of degraded D,O. The various 
methods discussed include electrolysis and 
distillation; distillation is the favored method 
for on-stream upgrading of reactor moderator 
because of its flexibility. A significant hazard 
in handling irradiated heavy water is tritium, 
the product of neutron capture by deuterium. 
In the NPD reactor the tritium concentration 
has reached 1.7 curies/liter and is expected to 
reach at least 10 curies/liter within a few 
years. Although the problem can be controlled 
by design and administrative procedures, it is 
one which is peculiar to the reactor type. A 
review of the economics of heavy-water produc- 
tion in the United States is given in Ref. 38 
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Fig. V-2 Evolution of the isotope content of heavy water in the C.E.A. reactors .*5 


Table V-5 RADIOLYTIC DECOMPOSITION OF HEAVY-WATER MODERATORS** 


Water decomposition 





D, content of D,O Total gas to a eae Sith tA eae a 
Moderator in core, recombiner, Liters of D, (STP)/ Grams of D,O/ 
Reactor temp., °C pD* cm'/kg liters (STP)/min min Mw-hrt 
NRX 45 ~T 1.6 370 0.15 0.2 
NRU 
1960-61 50 ~7 5 230 6 1.6 
1962-63 50 ~T 2 230 3 0.8 
1963 50 5.7 1 200 1.6 0.4 
NPD 80 ~6 1.2 280 8.5 5.1 
40 5.9 3.3 700 27 16 


*In NRX and NRU pD of 7 corresponds to a conductivity of 0.2 megohm/cm (25°C); acidic conditions were due to 
DNO, added to NRU for a two-month experiment and formed in NPD from air in the helium. 
+Megawatt-hours of total reactor thermal power; average power densities are 2.6, 5.0, and 1.7 watts/g for NRX, 


NRU, and NPD, respectively. 


Pressure Tubes 


Most of the reactors listed in Table V-1 
utilize Zircaloy-2 as the pressure-tube ma- 
terial. Two papers were presented dealing with 
Zircaloy-2 as applied to pressure-tube con- 
struction2 ° and two papers were concerned 


with the zirconium-niobium alloy. 


The pressure tubes in NPD are seamless 
Zircaloy-2 tubing, fabricated by hot extrusion 
and cold drawing. Dimensional gauging and 
borescope examinations were performed on one 
of the tubes after a year’s service in the reac- 


tor, and no significant changes were noted. 
The NPD design stress was chosen as 9.5 
kg/mm?’ at 280°C, whereas the CANDU design 
stress was selected as 11.2 kg/mm’ at 300°C. 
Tensile tests on portions of the NPD pressure- 
tube materials have given the results shown in 
Table V-6. In the reactor, however, the tubes 
are biaxially stressed by the combination of 
transverse and longitudinal loads produced by 
the pressurized coolant, with the result that 
the burst strength of the tube is considerably 
higher than would be predicted from simple 
tensile-test data; this is an important design 
consideration. 


Winter 1964-1965 


Table V-6 TENSILE-TEST RESULTS—NPD PRESSURE- 
TUBE MATERIAL 


(Temperature = 280°C) 


Longitudinal Transverse 

properties properties 
Ultimate strength, kg/mm? 37.3 35 
0.2% yield strength, kg/mm? 31.6 33 
Elongation, % 22.5 21 
Reduction in area, % 45 60 


The effects of hydrogen pickup by Zircaloy 
are complicated; they are also important, since 
the operating lifetime of a pressure tube is 
expected to be determined by the amount of 
hydrogen pickup experienced during corrosion. 
Hydrogen concentrations up to 250 ppm had 
little effect on mechanical properties of ir- 
radiated and unirradiated Zircaloy-2 so long 
as the hydrides were randomly arranged. These 
data are shown in Table V-7. It was established 
that prior strain, fabrication history, and stress 
were important in determining hydride orienta- 
tion:*? 


... It was found that hydrides precipitated while 
Zircaloy was under stress, aligned themselves 
perpendicular to tensile stresses and parallel to 
compressive stresses and that directional hydrides 
significantly decreased the mechanical properties 
of Zircaloy-2 ... 


The use of zirconium-niobium alloys as 
pressure tubes is receiving study in both 
Canada‘! and the United Kingdom.“ The ad- 
vantage of the niobium alloy is in increased 
strength; properly heat-treated zirconium -2.5 
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wt.%4 niobium attains a strength about 50% 
higher than Zircaloy-2. These data are il- 
lustrated in Fig. V-3. The corrosion and hy- 
driding resistance of zirconium-niobium al- 
loys and Zircaloy-2 are similar, as indicated 
in Fig. V-4, although the impact strength of 
the niobium-bearing alloy is higher than that 
of Zircaloy-2. It appears that the zirconium- 
niobium alloy may become the preferred ma- 
terial for pressure tubes in cases where zir- 
conium-base alloys are applicable. 


The ternary alloy zirconium—2.5 wt.% nio- 
bium—0.5 wt% curium is being developed 
because of its good corrosion resistance in 
moist CO, and is used in CANDU as a pressure- 
tube spacer. This spacer maintains clearance 
between the pressure tube and the calandria, 
and in CANDU this space is filled with the 
moist CO). 


40 
Creep Rate 
105 % /hr 
30 
È 
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mye) 
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am Zr—2.5 wt% Nb, Quenched from 
880°C and Aged at 500°C 


me 7Zircaloy-2 15% Cold Worked 
O IOO 200 300 400 


Temperature °C 


Max. Permissible Design Stress, 





Fig. V-3 Design stresses for zirconium alloys. 


Table V-7 EFFECT OF NEUTRON IRRADIATION AND HYDROGEN CONCENTRATION ON 
THE PROPERTIES OF ZIRCALOY-2 (REF. 39) 


(Each Result Is An Average for Three Specimens) 








Ultimate 
Hydrogen 0.2% proof stress tensile strength Elongation 
Testing content, Unirradiated, Irradiated, Unirradiated, Irradiated, Unirradiated, Irradiated, 
temperature ppm kg/mm? kg/mm? kg/mm? kg/mm? % % 

Room temperature 0 56.6 77.3 66.1 78.7 12.4 5.3 
20 62.0 85.8 70.0 85.8 18.5 6.8 

100 61.8 83.4 70.3 83.7 15.2 7.3 

250 60.5 84.4 70.7 84.4 14.1 6.2 

300°C 0 29.7 45.0 33.5 45.0 12.8 5.8 
20 30.1 47.1 33.1 47.1 17.9 7.4 

100 29.7 45.7 33.60 45.7 21.8 8.5 

250 32.2 46.4 36.34 46.4 19.0 8.8 

400°C 0 27.5 37.3 29.0 37.3 11.1 6.8 
20 26.5 37.3 28.1 37.3 8.7 10.5 

100 25.9 36.6 27.5 36.6 18.0 9.9 

250 27.2 36.6 28.4 36.6 17.4 10.7 
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Thermal and Hydraulic Studies 


The performance of fuel elements cooled with 
a steam-water mixture is discussed in Ref. 43. 
Experiments were conducted in an in-pile loop 
in the NRX reactor and also in an ex-pile loop, 
termed FLARE. The in-pile tests were done 
primarily to provide corrosion and hydriding 
data for Zircaloy-2 and zirconium—2.5 wt.% 
niobium clad fuel elements operating under 


Heat-Treatments Received by Zr —-2.5wt.% Nb: 


ean Ç ea 


Slow Cooled offer 2hr ot 650°C 
Air Cooled after 6 hr at 700°C 
Air Cooled after vo hr at 800°C 
Rapidly Cooled ofter IO min at 960°C 


Quenched from Temperatures in the 
Range 88O-960°C and Aged 24 hr 
at 500°C 


Fig. V-4 The effect of heat-treatment 
on corrosion and hydriding of zirconium- 
niobium alloys in pure water and steam. #! 





various conditions typical of the fog-coclé: 


reactor; results are quoted as follows: 


on the 


43 


... corrosion and hydrogen pick-up rates in b 
Zircaloy-2 and Zr—2'4% Nb fuel sheaths are 3 
ceptably low when cooled by fog at the conditions ` 
interest for fog-cooled or once-through react” 
for periods up to 1600 h, provided the sheath sv” 
face remains wet... 


Operation of FLARE yielded interesting di: 
“dry-out” heat flux. Dry-out is t: 


—— sn 
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Fig. V-5 Test section.” 
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are noted (incipient dry-out). The power is then 
adjusted to allow a small temperature oscillation 
(~5 deg C) and a set of readings taken. At the end 
of this period a slight increase in the test-element 
power (~2%) resulted in a sharp increase in sur- 
face temperature (~100 deg C)— the dry-out point. 
Continued operation here gave very large tempera- 
ture oscillations, despite no recorded changes in 
the steady-state value of the heat flux, quality or 
flow. It would appear that there is an alternate wet- 
ting and drying out of the surface. A further in- 
crease in power (~7%) gives a further rise in sur- 
face temperature (up to 512°C). However, in this 
case there are no oscillations and the surface now 
appears to be “‘dry.’’... 


Figure V-7 illustrates the effect of the unheated 
fairing length, L, (see Fig. V-5), On Ó dry-out: 
References 44 through 48 pertain to or- 
ganic-coolant technology and originated in a 
number of different countries. Reference 44 is 
particularly interesting in that it traces the 
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Fig. V-6 Typical sheath-temperature plot obtained from FLARE in dry-out test.“ 


designation of the phenomena that result after 
the complete evaporation of the protective water 
film on the heat-transfer surface.’ Figure V-5 
illustrates the test section used in FLARE. 
Determination of the dry-out heat flux was 
made for a variety of conditions, and Fig. V-6 
illustrates typical wall temperatures for one of 
the tests. This test was described as follows: 


... At the start the test-element power (and heat 
flux) is being increased until indications of dry-out 


evolution in thinking on the use of zirconium 
alloys in organic-cooled systems. In the late 
1950’s, preliminary experience had indicated 
that zirconium alloys were unacceptable for use 
in organic-cooled reactors due to hydriding. 
This led to increased study of sintered alu- 
minum (SAP), and the work with zirconium was 
deemphasized. More recent information, how- 
ever, has indicated that zirconium alloys may 
be usable in organic systems provided the 
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Fig. V-7 The effect of unheated length on the dry- 
out heat flux.” 


coolant impurities are carefully controlled. 
According to the reference: 


The work to date in Canada has shown very 
clearly that the control of coolant purity is abso- 
lutely essential for an organic-cooled reactor. It 
has been shown further that coolant purity must 
never be allowed to get out of control since other- 
wise the subsequent clean-up will be long and dif- 
ficult. Several years of operating in-reactor and 
out-reactor loops has proved that the control of 
coolant purity is no more difficult than in a water- 
cooled reactor. Provided the proper conditions are 
observed fouling will not be a problem, at least up 
to surface temperatures of 500°C, and zirconium 
alloys such as Zr—2.5% Nb show real promise for 
fuel sheathing and pressure tubes. 


The important variables seem to be water, 
hydrogen, and chlorine. Water dissolved in the 
organic seems to have a beneficial effect in 
reducing hydriding in certain concentration 
ranges, aS may be seen in Table V-8. Increased 
hydrogen concentrations increase the rate of 
hydriding at water concentrations less than 
40 ppm, but, at “higher” water concentrations, 
the effect of hydrogen is said to be negligible. 
Chlorine is thought to be the most important 
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promoter of zirconium hydriding, and Ta. 
V-9 illustrates the effect. Surface preparati:: 
has been shown to be important, and the effe 
of temperature appears minor in the temper:- 
ture range 365 to 425°C. 


Table V-9 EFFECT OF CHLORINE ON HYDRIDING 
OF ZIRCALOY-2 (REF. 44) 


No 50 ppm C.H. 


chlorine added 
added initialls 
Temp., °C 375 370 
Chloride in coolant at 370°C, ppm 
At start 0.8 8.2 
At end (after 67 hr) 0.5 1.6 
Hydrogen absorbed, ug/(cm?)(hr) 
Pickled surface 0.39 9.4 
Oxidized surface 0.01 2.1 


The same importance of coolant purificatio: 
was noted in the French studies.“ These ex- 
perimenters studied the effect of various im- 
purities on fouling in terphenyl mixtures. å 
heated, stainless-steel test section was utilized. 
but portions of the loop were fabricated of milc 
steel. The study was directed toward the elimi- 
nation, or control, of fouling and concluded that 
fouling could be avoided if the terpheny] used 
contained “few impurities and no oxygen.“ 
Heat-transfer coefficients were determined dur- 
ing some of the experiments, and a correlation 
is given in the reference. At wall temperatures 
in excess of 500°C, a decrease in the heat- 
transfer coefficient was observed, and this was 
attributed to localized pyrolysis of the coolant 
at the surface. 

References 47 and 48 discuss burnout heat 
fluxes for organic coolants. The former is on 
terphenyl mixtures, terphenyl-benzene, and 
terphenyl-diphenyl mixtures, whereas the latter 
is on a biphenyl-diphenyl methane eutectic, a 
biphenyl-diphenylozid mixture, and Dowtherm A. 


Table V-8 EFFECT OF WATER ON HYDRIDING IN AUTOCLAVES“ 
(400°C; Dissolved H,, 100 ml/kg) 


Hydriding rate, ug/(cm?)(hr) 
Water content rig eer 





O Obe sic Zircaloy-2 Ni-free Zircaloy-2 Zr—2.5% Nb 
ppm As pickled Preoxidized As pickled Preoxidized As pickled Preoxidized 
40 0.5 0.032 0.5 0.010 1.0 0.12 
+0.007 +0.005 #0.012 
40 to 60 0.4 0.011 0.280 0.001 0.001 
+0.1 +0.002 +0.020 +0.001 +0.001 
60 to 1000 0.045 0.010 0.025 0.002 0.025 0.001 
+0.02 +0.01 +0.015 +0.002 +0,005 +0.001 
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oth referencs employ correlations of the form 
Bo = a+bG* +d ATG” for their results, where 
BO is the burnout heat flux, G is the mass flow 
ate, and AT is the subcooling. The remaining 
ymbols are constants for a particular fluid. 


Yirections of Future 
Yevelopments 


The direction of development of the heavy- 
vater-moderated power-reactor program in 
>anada is covered in Refs. 49 to 51. The near- 
uture plans envision the construction of a 
000-Mw(e) station composed of two 500-Mw/(e) 
lants of the CANDU type. This reactor would 
>vOolve from CANDU by means of the following 
mprovements:” 

— Use of cold-worked zirconium—2'/,% nio- 
sium pressure tubes 

— Increase of outlet temperature from 294 to 
301.7°C 

— Increase of fuel rating from a conductivity 
integral of 40 to 48 watts/cm 


Other changes involve an increase in the pres- 
sure-tube diameter, a corresponding decrease 
in the number of pressure tubes, and, possibly, 
venting the containment pressure-relief system 
to a separate gas holder and heat absorber. 
Interestingly, the large reactor will be con- 
trolled by absorbers composed of liquid or gas 
arranged in vertical through tubes distributed 
throughout the reactor core, and by soluble 
poison dissolved in the moderator. The vertical 
through tubes will be subdivided into a number 
of separate chambers for flexibility. It thus 
appears that moderator-level control will not 
be used for the large reactors, probably for 
the reasons discussed in Sec. VIII of Power 
Reactor Technology, 1(3). 

The longer term direction of the Canadian 
program is Summarized as follows: °! 


For the water-cooled line itself, the following 
evolution appears reasonable: 


Step 1— (Present Stage)— Pressurized D,O with 
CANDU Type UO, Fuel Bundles Operating 
at a Rating of [kdA = 40 W/cm. 

For the same reactor, a cheaper fuel can 
be developed by using larger fuel elements 
operating at fkd0 = 48 W/cm. 


Step 2— Boiling D,O— Indirect Cycle— UO, Fuel. 
From 10% to 20% outlet quality, little 
change is expected in fuel geometry. From 
15% to 30% quality, fuel and/or pressure 
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tube geometry may have to change to keep 
coolant distribution optimum. 


Step 3— Boiling H,O—Direct Cycle— UO, Fuel. 
When outlet qualities between 20% and 30% 
are shown to be practical, this reactor will 
be a strong contender. 


Elsewhere, as in Canada, the key question in 
the future development of the heavy-water 
pressure-tube reactor is which coolant to use. 
Although the D,O-cooled version of the reactor 
has been developed in Canada, its disadvantages 
with respect to steam-temperature limits, D,O 
leakage, and D,O inventory considerations are 
appreciated there, as is attested by the Canadian 
work on the H,O-cooled and organic-cooled 
versions. Considering the work throughout the 
world, one concludes that the three alternate 
coolants, gas (CO,), organic liquids, and H,O 
in some form, will receive serious develop- 
mental tryouts. Of the coolant systems that 
have been considered seriously in the past, 
only sodium and direct-cycle boiling D,O appear 
to have been eliminated. 


References 


The references that contain A/Conf. numbers are 
papers that were presented at the Third United Na- 
tions International Conference on the Peaceful Uses 
of Atomic Energy, Geneva, September 1964. 


1. Nuclear Power Demonstration Reactor, reprinted 
from Nucl. Eng., 7(77): 398 (October 1962). 

2. CANDU Douglas Point Nuclear Power Station, re- 
printed from Nucl. Eng., 9(99): 289 (August 1964). 

3. L. J. Ingolfsrud, P. H. G. Spray, and J. H. Jack- 
son, Manufacturing and Construction for the 
Douglas Point Nuclear Power Project, A/Conf.28/ 
P/7. 

4. AEC Announces Plans for Advanced Converter 
Reactor Development, AEC Press Release, Sept. 
24, 1964. 

5. S. Fawcett, A. Firth, and J. E. R. Holmes, Gen- 
eral Design of the Steam Generating Heavy Water 
Reactor, A/Conf.28/P/129. 

6. N. Bradley, P. J. Cameron, and N. G. Worley, 
Some Engineering Problems of the S.G.H.W. 100 
MW(e) Prototype Reactor, A/Conf.28/P/143. 

7. F. Accinni, R. Bonalumi, C. Bruschi, F. Palazzi, 
S. Rubbia, and G. B. Zorzoli, The Physics of a 
Steam-Water Mixture Cooled Heavy Water Power 
Reactor, A/Conf.28/P/625. 

8. C. G. Campbell, D. Hicks, I. Johnstone, and D. C. 
Leslie, Reactor Physics Studies for Steam Gen- 
erating Heavy Water Reactors, A/Conf.28/P/174. 

9. F. Pascual, L. Palacios, and M. K. Sanders, The 
DON Project, A/Conf.28/P/601. 

10. A. Alonso and B. L. Hoffman, Safety Features of 
the DON Reactor Concept, A/Conf.28/P/495. 

11. E. R. Mayquez, J. L. De Francisco, and F. J. 
Olarte, Experimental Studies of Uranium Car- 
bide— Heavy Water Lattices, A/Conf.28/P/743, 


12 


13. 


14. 


15. 


16. 


17. 


18, 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


POWER REACTOR TECHNOLOGY 


R. Carle, P. Schulhoff, P. Sevin, and J. Buttin, 
EL4 Features and Construction Problems, A/ 
Conf.29/P/40. 

B. B. Du Bois, J. L. Bernard, R. Naudet, and R. 
Roche, Heavy-Water-Moderated Gas-Cooled Re- 
actors, A/Conf.28/P/39. 

Y. Girard, P. Lourme, and R. Naudet, Heavy 
Water Reactor Physics, A/Conf.28/P/76. 

J. L. Bernard, H. Foulquier, and P. Thome, Core 
Structures of the Heavy Water—Gas Reactor EL4, 
A/Conf.28/ P/69. 

P. Krafft, The Lucens Experimental Nuclear 
Power Station, A/Conf.28/P/692. 

E, Binggeli, P. Verstraete, and A. Sutter, The 
Underground Containment of the Lucens Experi- 
mental Nuclear Power Plant, A/Conf.28/P/459. 
H. R. Lutz, R. W. Meier, and J, P. Schneeberger, 
Natural and Slightly Enriched Uranium Lattice 
Studies of Voided Metal Rod Clusters in D,O, A/ 
Conf.28/P/691. 

M. Moller-Madsen, F. List, and J. Elming, De- 
sign Problems in the D,O-Moderated, Organic- 
Cooled Reactor Concept DOR, A/Conf.28/P/777. 
C. F. Hojerup, O. Kalnaes, H. Neltrup, and P. L. 
Olgaard, Heavy-Water-Moderated, Organic- 
Cooled Lattices Investigations. Experimental Re- 
sults and Comparison with Theory, A/Conf.28/ 
P/711. 

A. I. Alichanov, P. P. Blagovolin, B. I. Ilyiechev, 
G. N. Karavaev, N. N. Kondaritzky, B. A. Medzi- 
bovsky, D. M. Mukhamedov, N. N. Nikolaev, V. V. 
Stekolnikov, V. F. Titov, B. Z. Torlin, and A. A. 
Khokhlachev, Natural Uranium Heavy-Water 
Moderated Organic-Cooled Power Converter Re- 
actor, A/Conf.28/P/877. 

W. H. Zinn and C. A. Trilling, Heavy Water Power 
Reactors and Organic Cooled Power Reactors, 
A/Conf.28/P/209. 

W. Keller, Potentialities of Heavy-Water Moder- 
ated Gas Cooled Pressure Tube Reactors, A/ 
Conf.28/P/778. 

J. C. Leny, A. Ertaud, C. D’Ayguesvives, J. P. 
Crette, and J. Panossian, ESSOR, Specific Test 
Reactor for Heavy Water Reactor Concepts De- 
veloped by Euratom, A/Conf.28/P/78. 

J. W. Hilborn, W, M. Barss, M. F. Duret, J. R. 
Dickinson, À. C. Whittier, and E. Horton, NPD 
Start-Up, Reactivity Balance and Fuel Manage- 
ment, A/Conf.28/ P / 9. 

L. W. Woodhead and W. M. Brown, Performance 
and Problems of NPD, A/Conf.28/P/s. 

W. B. Lewis, J. R. MacEwan, W. H, Stevens, and 
R. G. Hart, Fission-Gas Behaviour in UO, Fuel, 
A/Conf.28/P/19. 

R. D. Page, D. G. Hardy, A. J. Mooradian, J. 
Howieson, G. R. Fanjoy, and D. B. Nazzer, Engi- 
neering and Performance of UO, Fuel Assemblies, 
A/Conf.28/P/18. 

J. A. L. Robertson, A. S. Bain, J. R. MacEwan, 
and J. F. Notley, UO, Performance— The Im- 
portance of Temperature Distribution, A/Conf.2%/ 
P/17. 

D. G. Boxall, W. M. Brown, D. B. Nazzer, J. T. 
Rogers, R. G. Hart, and K. L. Smith, Develop- 
ment of Fuel and Coolant Tubes for a Reactor 
Cooled by Organic Liquid, A, Conf.2s, P/23. 

N. Hansen, P. Knudsen, A. C. Winther, and E. 
Adolph, Sintered Aluminum Products for Organic- 
Reactor Applications, A/Conf.28/ P/421. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


Vol. B, `. 


G. Sainfort, G. Cabane, and M. Salesse, FeaAi - 
A New Canning Material for Reactors, A/Con:.. 
P/71. 

V. E. Ivanov, V. F. Zelensky, S. I. Feifer.:. 
Petelguxov, and V. K. Khorenko, Developme: 
Heat-Resistant Mg-Be Alloys As a Cladding `: 
terial for Fuel Elements, A,/Conf.28, P / 340. 

V. Kraus, Diffusion Bonding of Uranium + 
Magnesium by Means of Intermediate Layers. 
Conf.28/P/526, 

L. Dolle, D. Conan, and G. Dirian, Behavic. 
Water and Heavy Water in Nuclear Reactors : 
Problems of Power Regulation by Physico-Cte: - 
ical Methods, A/Conf.28/P/70. 

H. K, Rae, G. M. Allison, A. R. Bancroft, W. 
Mackintosh, J. F. Palmer, E. E. Winter, J. : 
LeSurf, and S. R. Hatcher, Experience with v 
Chemistry of Water in Moderator and Cac: 
Systems, A/Conf.28/P/20. 

J. A. Morrison, M. H. Thomas, L. C. Watson, — 
L. W. Woodhead, The Management of Heavy Waet: 
for Research and Power Reactors, A/Conf.2> . 
29, 

W. P. Beddington, J. F. Proctor, W. C. Scott: 
and V. R. Thayer, Production of Heavy Water ` 
the U.S.A., A/Conf.28/P/290. 

W. R. Thomas, S. B. Dalgaard, W. Evans, ` 
Fidleris, G. W. Parry, and P. A. Ross-Ross, !-- 
` Sa Experience with Zircaloy-2, A/Conf.:- 
P/21. 

F. Barbesino, E. Brutto, R. Di Pietro, G. Mas. 
G. Perona, and R. Sesini, Zircaloy-2 Press: : 
Tubes Corrosion, A/Conf.28/P/574. 

C. E. Ells, S. B. Dalgaard, W. Evans, and V.k. 
Thomas, Development of Zirconium-Niobium 4.- 
loys, A/Conf,28/P/22. 

J. K. Dawson, R. C. Asher,J. Boulton, B. Watkins 
and J. N. Wanklyn, The Properties of Zirconiu: 
Alloys for Use in Water-Cooled Reactors, i — 
Conf.28/P/158. 

A. D. Lane and J. G. Collier, Thermal and Ir- 
radiation Performance of Experimental Fue: 
Operating in Steam-Water Mixtures, A/Conf.2: 
P/16. 

W. M. Campbell, A. W. Boyd, D. H. Charleswort: 
R. F. S. Robertson, and A. Sawatzky, Develop- 
ment of Organic-Liquid Coolants, A/Coní.°- 
P/15. 

P. Leveque, F. Franzetti, P. Van der Veene, ani 
M. Giulani, Technological Studies on Organic 
Cooling Fluids, A/Conf.28/P/53. 

F. Lanza, R. Ricque, and J. Villeneuve, Hea: 
Transfer by Organic Liquids, A/Conf.28; P/93. 
D. A. van Meel, Burn-Out in Subcooled Force: 
Convection Boiling of Polyphenyls, A/Conf.2- 
P/590. 

I, Kiss and F.Szabo, Radiolytical and Heat Trans- 
fer Properties of Some Organic Coolant-Moder- 
ators, A/Conf.28/P/449. 

I, L. Wilson, C. E. Beynon, W. G. Morrison, and 
N. L. Williams, Studies of CANDU-Type Reac- 
tors in the 500-MW(e) Range, A/Conf.28/P/6. 

G. A. Pon, W. B. Lewis, L. R. Haywood, D. B. 
Primeau, G. J. Phillips, and E. E. Merlo, Pre- 
spective D,O-Moderated Power Reactors, À 
Conf.28/P/10. 

A. J. Mooradian, Future Targets for Canadia 
Power Reactors, Can. Nucl. Technol., 3(3): 4°- 
53 (Summer 1964). 








Section 


yI Heavy-Water-Moderated 


Power Reactor Technology 


General Status 


rhe heavy-water-moderated pressure-vessel 
reactors have had their most extensive devel- 
»pment in Sweden, where the Agesta reactor was 
zuilt, and in Norway, where the Halden Boiling 
Heavy Water Reactor (HBWR) is located. The 
Agesta Nuclear Power Plant (R3/Adam) was 
started in 1958, completed in 1962, and reached 
full power in March 1964. The HBWR has been 
operating since 1959. Further characteristics 
of both of these reactors are givenin Table VI-1. 


Heavy-water systems and fuel-handling equip- 
ment for the Agesta reactor are discussed in 
Refs. 1 and 2. Many of the details exemplify 
Straightforward engineering practice, although 
some are peculiar to the reactor type. Among 
the latter is the careful preservation of cleanli- 
ness of the primary system: 


Before the final assembly of the components at 
the production workshops, a very comprehensive 
and stringent cleaning ... was carried out, for the 
most part in specially arranged clean rooms where 
the personnel worked under special clean condi- 
tions. Cleaning was mostly effected by washing ... 
in alkaline water and by washing or wiping with 
acetone. 

Pipes and components of carbon-steel were also 
used, to a limited extent in the heavy-water sys- 
tems. After cleaning, these parts were rust- 
protected by a final rinsing in a bath of VPI dis- 
solved in methanol. 

After the final assembly, pipe connections and 
other access openings were carefully sealed with, 
for example, plastic covers. Large carbon-steel 
tanks were not rust-protected by means of VPI but 


Pressure-Vessel Reactors 


kept filled with a controlled over-pressure of dry 
nitrogen. 


A number of basic designs for components in 
the Agesta heavy-water system are shown in 
Fig. VI-1. The centrifugal pumps were all 
canned pumps, whereas the D,O piston type, 
feedback pumps were constructed with double 
seals around the piston shaft with provision for 
intermediate drainage. The latter principle, of 
double seals with D,O recovery through leak-off 
pipes, is used generally for the nonhermetic 
closures. 

A unique design feature of the Agesta fuel- 
handling equipment is the provision for transfer 
of fuel elements from the reactor D,O to the 
storage pool, which contains H,O. Undernormal 
operation the transferred fuel element is gas 
cooled after its removal from the reactor and 
prior to its placement in the storage pool. Clean 
nitrogen is used as a coolant, and the evaporated 
D,O is condensed by means of a Freon refriger- 
ation system. In the event of failure of the gas 
cooling system, a backup spray of either D,Oor 
H,O is provided. This spray system also pro- 
vides cooling when the gas system is not being 
utilized. A simplified scheme of the cooling and 
drying circuit is shown in Fig. VI-2. 

The second Swedish heavy-water reactor, the 
Marviken? plant, is also of the pressure-vessel 
type but is cooled by boiling D.O in natural cir- 
culation. The plant is now under construction 
near Stockholm and should be operational in 
1968. Details of the design are given in Table 
VI-2. The flow path of the primary coolant, 


Table VI-1 CHARACTERISTICS OF THE AGESTA AND THE HBWR 


Coolant Fuel/cladding 
Reactor Power Coolant pressure, psi (first core) 
Agesta 10 Mw(e); 55 Mw, Pressurized DO 500 UO,/ Zircaloy-2 
space heating 
HBWR 10 Mw, process steam Boiling D,O 400 Uranium/aluminum 
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Table VI-2 DESIGN DATA FOR THE MARVIKEN BHWR' 


Reactor type 
General BHWR 
Cycle Direct 
Circulation Natural 
Superheating Internal, 
when 
provided 
Fuel UO, 
Fuel changing Onload, 
continuogs 
Data 
Net electrical output, Mw(e) 200 
Net thermal efficiency, % 34.0 
Mean moderator temperature, °C 163 
Core volume 
Unreflected, m? 64.1 
Reflected, m? 94.6 
Inner diameter of pressure vessel, m 5.22 
Design pressure, bar 57.5 
Working pressure, bar 49.5 
Pressure-vessel steel Low alloy 
(A-302B) 
Wall thickness (excluding S.S, lining), mm 76 
Outlet steam temp., °C 470 
Average enrichment, % ~1.35 
Average burnup, Mwd/ton of U 13,000 
Fuel for boiling channels 
No. of channels 147 
No. of rods per cluster 31 
Rod diameter (UO), mm 12.5 
Can material Zircaloy-2 
Can thickness, mm 0.55 
Superheater elements* (2nd charge) 
No. of channels 32 
No. of rods per cluster 48 
Rod diameter (UO), mm ~11.5 
Currently assumed can material 20 Cr—35 Ni 
Currently assumed wall thickness, mm 0.4—0.251 
Approx. fin height, mm 0.1 
Max. surface temp. (hot spot), °C 524 





*Current assumption. 
{Future changes. 
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Fig. VI-2 Simplified scheme of the Agesta cooling and drying Circuit:? 
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which is quite unusual, is shown in Fig. VI-3. 
Water from the feedwater heaters is pumped 
into the moderator space at a temperature of 
about 250°F. The core is constructed of 179 
Zircaloy-2 shroud tubes hydraulically isolating 
the moderator region of the core from the fuel 
elements. The moderator water therefore flows 
to the top of the moderator space and exits at a 
temperature of about 430°F. At the top of the 
core, the moderator mixes with the liquid por- 
tion of the two-phase mixture that cools the fuel 
elements, and the resulting coolant flows to the 
downcomer and thence to the fuel elements. The 
initial operation of Marviken will be with satu- 
rated steam.? Thirty-two of the shroud tubes 
will be left empty to serve as flow channels for 
the saturated steam; the remainder will contain 
fuel elements. The turbine contains an inlet 
blading system suitable for saturated-steam 
operation and interstage moisture separation, 
but the inlet blading can be modified for opera- 
tion with superheated steam. When operating on 
the saturated-steam cycle, Marviken generates 
140 Mw(e). The rated power of 200 Mw(e) is at- 
tained only through incorporating superheating 
fuel elements in the 32 empty shroud tubes. 

Operation with the relatively cool moderator 
is done to improve burnup for a given enrich- 
ment.’ High-pressure tests in a mockup of the 
reactor was 0.5% for steam carry-under and 
negligible carry-over of water. Figure VI-4 
shows an overall arrangement of the reactor 
plant. The containment is based on the pressure- 
suppression principle. 
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Fig. VI-4 Schematic of the Marviken reactor. 
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Operating Experience 


Some operating experience, partly of a pre- 
liminary nature, has been reported for the 
Agesta reactor. Reference 6 was issued in 
May 1964, and the turbine was commissioned in 
late April 1964. Space heating occurred a month 
earlier in the town of Farsta. Only one shutdown 
at power had been experienced, and this was due 
to a disturbance in the instrumentation power- 
supply system. The primary circuit was rinsed 
with light water prior to filling with D,O. The 
light water was then drained, and the system 
was vacuum dried after a nitrogen flush. Asec- 
ond vacuum drying resulted in a pressure de- 
crease to 1.2 mm Hg, and at that point nitrogen 
was admitted to the system followed by a few 
liters of D,O. The vapor-nitrogen mixture was 
circulated through the system with the fans in 
the blanket-gas drying circuit, and the liquid 
was then condensed. Analyses of the condensate 
indicated that only a few hundred grams of H,O 
were present in the system. The system was 
then filled with D,O. The plant has not been in 
operation long enough to produce a significant 
tritium content in the heavy water. 

The Halden reactor operated from June 1959 
to April 1961 on its first core. Modifications 
were made to the plant during the refueling 
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Table VI-3 SUMMARY OF HBWR FLANGE 
AND SEAL STATISTICS 


No. of 8-in. flanges 10 
No. of smaller flanges 50 
No. of reactor-lid mechanical seals 335 
Integrated ‘‘gasket-length’’ high-pressure 

system, m 100 


shutdown, and the second core was loaded r 
March 1962. The second core utilizes 100 fu-. 
assemblies with UO, as fuel and Zircaloy-2 zs 
cladding. Each assembly consists of seven fuele: 
pins having a length of 1600 mm (5.25 ft). Al- 
though the HBWR is not a power reactor in the 
usual sense, it does operate at high pressure 
and temperature, and much of the operating ex- 
perience is pertinent to power-reactor opera- 
tion. For example, Ref. 7 contains much in- 
formation on loss and degradation of D,O. 


The HBWR flow diagram is shown in Fig. 
VI-5. The system contains a number of flanges 
and seals that are not backed up with seal weld- 
ing or leakage collection, and these are sum- 
marized in Table VI-3. The D,O leakage was 
studied by various means, but the most useful 
method was found to be monitoring of the out- 
going air for tritium. The tritium content of the 
reactor heavy water was known. The leakage 
rate could be calculated by measuring the ven- 


185°C 4 To Atmosphere 


To River or 
Steam cone Pulp and Paper Ptant 
Generator 


3t/n 105°C 
0.4t/h 






Feedwoter 
Tank 


aC 


4 16t/h 45°C 
Raw 
Water Y Y 
To 
Sewage 


14.4 t/h 


Fig. VI-5 The HD WR simplified flow sheet and 20-Muw operating data.” 
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ilation air flow rate and absolute humidity. In- 
rentory measurements were also made, and 
hey corresponded “reasonably well” with the 
‘racer results. The loss of heavy water and the 
reactor pressure history for the HBWR are 
shown in Fig. VI-6. The heavy-water inventory 
‘or this reactor is 14.5 tons.’ The loss of 2500 
cg of D,O over a 20-month period (Fig. VI-6) 
represents a leakage rate of about 10% per year. 
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helical wire wrap is not applicable to this type 
of design because of the 3- to 5-mm spacing 
between rods. The Agesta design provides for 
spacing and intermediate support points by sub- 
dividing the 3-m fuel rod into four subelements 
and using spring-loaded flexible plate spacers 
located at the fuel-element junctions. 

The Marviken boiling fuel elements are com- 
posed of rods built up of two half-length sub- 


Accidental 
Loss 





30 1500 
Lt 
) | 
£ 20 } | | 1000 = 
7 | | R 
x 40 | | jl 500 
O (| | O 
| ug Dec | Jon Jun l Dec | Jan Mor 
1962 1963 1964 


Fig. VI-6 Loss of heavy water in the HBWR and reactor pressure history.’ 


At the start of operation with the second core, 
the isotopic purity of the D,O was 99.75%. By 
the end of 1963 it had fallen to 99.68%. This 
represents an inleakage of about 10 kg of H,O to 
the system. 


Significant Developments 


Fuel Elements, Fuel Materials, 
and Cladding 


The Swedish experience with fuel and cladding 
materials is contained in Refs. 8 and 9. Refer- 
ence 10 is a Norwegian contribution on alumi- 
num alloys as cladding materials. Table VI-4 
gives fuel data for the Agesta and Marviken re- 
actors and the pressurized heavy-water reactor 
(PHWR). The PHWR is a design study and will 
be discussed shortly. 

The Agesta fuel bundle is relatively open, in 
the sense of having a large rod-to-rod spacing. 
This is to ensure adequate coolant velocity in 
natural circulation and also to provide a slightly 
negative void coefficient. It is said? that the 


rods. A midbundle spacer positions the sub- 
rods, and the reference mentions that the ten- 
dency for steam bubbles to anchor on the spacer 
grids has been a problem with respect to lo- 
calized corrosion and overheating. The rod-to- 
rod spacing in the Marviken is about 9 mm. 
This is maintained by the spring type spacers. 
For rigidity the spacers are anchored to a cen- 
tral, supporting Zircaloy tube that apparently is 
unfueled. In-pile test elements of Swedish de- 
sign were run in the Canadian NRX reactor and 
in the VBWR. The highest oxide temperatures 
were determined by postirradiation examina- 
tions to be in the pellet immediately down- 
stream of the spacer, and this is attributed to 
steam-bubble anchoring.°® 


The corrosion and hydriding results of Swed- 
ish experiments on Zircaloy are typical of those 
observed in other countries. The shroud in the 
Marviken reactor is a fixed piece of core hard- 
ware; thus the requirement of a long in-core 
lifetime does exist, although the consequences 
of a failure are not as serious as the failure of 
a pressure tube in apressure-tube reactor. 
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Table VI-4 FUEL DATA FOR SWEDISH POWER-REACTOR FUEL ELEMENTS? 








Marviken 
Super- 
Agesta, Boiling heating 
55 Mwi(t) PHWR, element, element, 
+ 10 Mwée) 360 Mw(e) 140 Mw(e) 200 Mw (e) 
Total heat release in fuel, Mw 60 1134 471 122 
Reactor pressure, bars 33.3 74 49.5 49.5 
Fuel form UO, (sint.) UO, (sint.) UO, (sint.) UO, (sint.) 
Enrichment, % Natural 1.5 1.3 1.6 
Active fuel-element height, mm 3047 4455 4420 4220 
Free space in rod, mm 10 65 100 150 
Fuel rods per assembly 4x19 2 x 49 2 x 30 2 x 48 
No. of assemblies 140 177 147 32 
Total UO, weight, tons 18.5 33.7 25.6 7.0 
Can Zircaloy-2 Zircaloy-2 Zircaloy-2 S.S. 
Canning-tube inside diameter, 
nominal, mm 17.2 10.5 12.6 11.6 
Can wall thickness, mm 0.7 0.51 0.6 0.4 
UO, pellet diameter, nominal, mm 17.0 10.4 12.5 11.5 
Mean heat loading, watts/cm 78.5 300 227 180.6 
Hot-channel factor (including transient) 4 2 2.99 2.72 
Max. transient heat loading, watts/cm 314 600 680 491 
Max. heat flux on can surface, watts/cm 54 164 156 126 
Mean temperature of the fuel, °C 500 900 800 1200 
Max, center temperature 
(including transient), °C 1325 2450 2760 2670 
Coolant/UO, area ratio 1.13 16.4 3.52 1.92 
Coolant inlet temperature, °C 205 254 255 263 
Coolant outlet temperature, °C 220 274 263 470 
Mean burnup, Mwd/ton 3600 16,000 13,000 13,000 





The use of aluminum as a cladding is being 
studied primarily as an in-pile experiment.” 
Prototype elements were scheduled to be irra- 
diated in the HBWR in late 1964. 


Water Chemistry 


Reference 11 is a report on the water- 
chemistry research at the HBWR. The report 
covers reactor experiments that were designed 
to study conditions under which corrosion can 
be reduced to the point where operation is pos- 
Sible without full-flow condensate purification. 
This involves a search for conditions under 
which steam will be produced with a low oxygen 
content and the alkalinity of the recirculating 
water will be preserved. Reducing the in-core 
dissociation of D,O should also reduce the re- 
combiner load. However, this particular point 
was not mentioned in the reference. 

Figure VI-7 shows the oxygen concentration 
in the HBWR steam as a function of power, with 
no additions to the coolant. The D, was found in 
stoichiometric amounts. When D, was added to 
the subcooled feedwater, the net decomposition 
of D.O was considerably lessened, as is shown 
in Fig. VI-8. This figure shows the effect of D, 
addition at various pressures, various loca- 
tions, and several different powers. Ammonia 


(as ND,) was added to the coolant, and it was 
shown that the radiolysis of ammonia into nitric 
acid could be prevented by maintaining the D. 
concentrations at or above 0.3 to 0.4 ml per 
kilogram of heavy water. The radiolysis of 
ammonia into nitrogen and deuterium did in- 
crease the !ŠN content of the steam, however. 


Control and Instrumentation 


The Agesta reactor is equipped with top- 
mounted, hydraulically actuated control-rod 


drives.'* A stepping action is accomplished by 
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Fig. VI-8 Oxygen concentration in steam vs. deuterium concentration in 
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means of two chucks. One chuck normally holds 
the rod in a given position, and the other grasps 
the control rod and moves a small distance up 
or down (10 mm) in response to hydraulic pres- 
sure. The Agesta control rods are of silver- 
indium-cadmium alloy clad with type 304L 
stainless steel and are tubular in shape. 

The Marviken reactor will be equipped with 
rather unusual control-rod drives. The reactor 
(Fig. VI-4) is designed for on-power refueling. 
The entire control-rod drive is to be located 
within the pressure vessel, immediately above 
the core, and will be hydraulically actuated. The 
drive will be positioned by means of the fuel- 
handling machine and held in place only by the 
weight of the drive itself. The water, which 
serves as the hydraulic fluid, is fed through 
pipes penetrating the pressure-vessel wall and 
is introduced into the drive by means of piston- 
ring type seals. The drives are located in the 
steam atmosphere above the core, but the drive 
mechanism will be filled with water to control 
the drop speed upon scram. The position- 
indicating system is based on ultrasonic loca- 
tion of a reflector plate at the lower end of a 
control rod. A transducer, at the bottom of the 
control-rod channel, emits ultrasonic pulses, 
and the time interval between their transmis- 
sion, reflection, and absorption back at the 
transducer gives the location of the control rod. 

The in-core instrumentation for the HBWR is 
detailed in Ref. 13. Most of the information has 


been presented in Nucleonics and will not be 
repeated here. 


Pressure Vessels 


The design and fabrication of the Agesta and 
Marviken pressure vessels are discussed in 
Ref. 15. The design details of these vessels, and 
that of a larger reactor to be discussed shortly 
(BASHFUL-600), are given in Table VI-5. The 
Agesta vessel has a cylindrical shape with an 
ellipsoidal bottom dome and a flat lid. The 
cylindrical portion is roll clad with stainless 
steel and has an upper flange fabricated of 
forged parts welded together and clad with 
weld-deposited stainless steel. The Marviken 
vessel is quite different from that of the Agesta 
and is shown in outline form in Fig. VI-4. The 


Table VI-5 SURVEY OF REACTOR VESSEL DATA‘ 


Agesta Marviken 


PHWR BHWR BASHFUL-600 

Design pressure, 

bars 40 57.5 80 
Design temperature, 

°C 251 272 293 
Vessel inside 

diameter, m 4.5 5.22 6.6 
Cylindrical wall 

thickness, m 65 76 120 
Bottom dome-wall 

thickness, mm 65 70 175 
Vessel steel type C-Mn C-Mn-Mo 9% Ni steel 
Vessel height, m 9.5 23.96 26.75 
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bottom dome, which is hemispherical in shape, 
is penetrated by 87 nozzles, as follows: 


32 superheater nozzles 
34 nozzles that indicate the positions of con- 
trol rods by ultrasonics 
12 nozzles for neutron detectors 
8 nozzles for startup heating and coolant in- 
let 
1 nozzle that is a transport channel for con- 
trol rods and fuel elements 


The entire internal shell surface is clad with 
stainless steel by overlay welding, and the shell 
is penetrated by nozzles for feedwater, control- 
rod-drive piping, pressure-relief valves, emer- 
gency cooling piping, and canning leak-detection 
piping. The hemispherical upper head is pene- 
trated by three nozzles for television cameras 
and the large central nozzle supporting the 
charging machine. The vessel closure system is 
unique and is illustrated schematically in Fig. 
VI-9. The design is such that all forces acting 
in the fixed flange rings pass through one point, 
thus giving no moment in the ring. 

The pressure vessel for the 600-Mw/(e) BASH- 
FUL reactor, which is an advanced design of a 
boiling heavy-water-moderated reactor, has an 
inside diameter of 6680 mm and atotal height of 
24,750 mm. The vessel would be shipped to the 
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site in at least two pieces. After installation =: 
the internals at the site, the parts of the vesse. 
would be joined by welding and locally heat- 
treated. At the present time no welding elec- 
trode has been developed that is fully satisfac- 
tory with the 9% nickel steel proposed for th: 
vessel, but the reference states that such elec- 
trodes are expected to be developed in the near 
future. 


Directions of Future 
Developments 


The direction of development of the pressure- 
vessel heavy-water-moderated power reactor 
appears to be largely dependent on the future 
program in Sweden, as well as on the Norwe- 
gian work, although there apparently is also 
some activity on the reactor type in Germany.’ 
Sweden, probably because it is relatively wel 
endowed with water power, anticipates a slov 
buildup of nuclear capacity in the near future 
but a rapidly accelerating one later. Reference 
18 assumes that Sweden will have an installed 
nuclear capacity of 200 Mw in 1970, 1000 Mw in 
1975, and 4000 Mw in 1980. The figures seem to 
indicate that, when nuclear energy is finally 
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Fig. VI-9 Details of Marviken vessel-closure flange.!5 
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Table VI-6 PARAMETERS CHARACTERIZING ADVANCED SWEDISH REACTORS!® 


Marviken 

Thermal efficiency 0.287 
Specific power, kw/kg of U 18.0 
Enrichment, wt.% 25uU 

Initial 1.00 

Final 0.25 
Rod diameter, mm 12.5 
Plutonium, g/kg of U 5.6 


*The BHWR is a 300- to 500-Mw(e) reactor producing saturated steam. 


BHWR* 

Natural U Enriched U PHWR BASH FULt 
0.314 0.314 0.283 0.371 
18.0 27.0 35.6 24.0/41.2 
0.71 1.17 1.50 1.05/2.17 
0.25 0.25 0.40 0.2/0.92 
14.0 11.5 10.4 11.5/8.5 
4.7 6.6 6.0 6.3/6.9 


TBASHFUL is a reactor similar to Marviken in the 400- to 1000-Mw (e) power range. The numera- 
tor of the fractional entries pertains to the parameters of the boiling region, and the denominator 


pertains to the superheating region. 


needed, it will be badly needed. This is sub- 
stantiated in the reference, which states that 
domestic sources of fossil fuels in Sweden are 
lacking. 


The Marviken reactor represents the 1970 
commitment approximately. Beyond this date 
the reactor type to be built is open; pressurized 
heavy-water reactors (PHWR),!? saturated boil- 
ing heavy-water reactors (BHWR), and boiling 
and superheating reactors of the Marviken type 
(BASHFUL)"® are all under study. Reference 18 
is a discussion of the economics of these vari- 
ous types, and some of the proposed design 
parameters are given in Table VI-6. Fuel costs 
are given in Table VI-7. Table VI-7 illustrates 
the importance of on-power refueling, since this 
is said to be responsible for the difference in 
cost between the PHWR and the remaining reac- 
tors. The PHWR costs were arrived at by as- 
suming multizone, batch loading, whereas the 
remaining plants were assumed to be continu- 
ously refueled. The penalty can be seen in the 
enrichment values given for the PHWR, as con- 
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trasted to the remaining plants. The processing 
of fuel appears to be of marginal value, as Table 
VI-7 shows that the cost of processing about 
equals the plutonium value. 

The Swedish fuel-cycle philosophy is now 
characterized as follows:!8 


Use of slightly enriched uranium for normal op- 
eration but possibility of optional operation with 
natural uranium. 

Once-through uranium cycle without reprocessing 
of spent fuel but with possibility of future recycling 
of plutonium in a self sustained cycle. 


The option for use of natural uranium is some- 
what peculiar to Sweden but is of general inter- 
est. If 4000 Mw(e) is in fact the installed capac- 
ity in 1980 and if the annual increase is 800 
Mw(e), the net import requirements for natural 
uranium would amount to $8 million per year, 
compared to $13 million for enriched uranium. 
If the nuclear electricity were being generated 
with conventional BWR’s, the corresponding fig- 
ures, as given in Ref. 18, would be $40 million 
per year for Zircaloy-clad fuel and $63 million 


Table VI-7 FUEL COSTS* FOR DIFFERENT REACTOR TYPES" 





BHWR 
Marviken Natural U Enriched U PHWR BASHFUL 
Cost item, mills/kw-hr š 
Fuel consumption 0.51 0.39 0.63 1.04 0.67 
Manufacturing 0.88 1.23 0.89 1.10 0.79 
Fixed 0.20 0.13 0.13 0.14 0.13 
Processing 0.29 0.44 0.26 0.30 0.23 
Credit on uranium 0 0 0 — 0.04 — 0.09 
Credit on plutonium — 0.43 — 0.55 — 0.46 -0.47 — 0.38 
Once-through (items 1 to 3) 1.59 1.75 1.65 2.28 1.59 
Net credit (items 4 to 6) — 0.14 —0.11 — 0.20 — 0.21 — 0.24 
Total cost 1.43 1.64 1.45 2.07 1.35 


*Basic assumptions: burnups, 15 Mwd per kilogram of uranium, except for natural uranium, which 
is 9 Mwd per kilogram of uranium; feed cost, $8 per pound; separative work, $30 per kilogram of 
uranium; interest rate, 7%; fixed costs at 6000 h/g and 60% of initial core; processing, $30 per kilo- 


gram of uranium; plutonium credit, $8/g total. 
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for stainless-clad fuel. These numbers might be 
important in considerations involving trade 
balance or emergency situations, but the refer- 
ence assigns them a “minor importance.” 
Nevertheless, the requirement that the reactor 
be capable of operation with natural uranium is 
allowed to compromise the optimization of the 
reactor fueled with enriched uranium, and this 
is noted in the reference. '® 


Czechoslovak Nuclear 
Power Station 


The remaining heavy-water power reactor of 
the pressure-vessel type is the gas-cooled re- 
actor of the Czechoslovakian nuclear power sta- 
tion. Few design details were presented at the 
conference, but coverage had been reasonably 
thorough at the Second Geneva Conference. Ref- 
erence 20 reports on some design and construc- 
tion problems of the reactor and discusses the 
charge-discharge machine, control-rod tests, 
top biological shield design, steam-generator 
tests, main blower tests, and steam-turbine de- 
sign. The plant has been scheduled”! to be criti- 
cal in 1965. No other dates are given to suggest 
that this time schedule will not be met, although 
it is mentioned in Ref. 20 that the construction 
time has been “elongated.” 

The pressure vessel for the Czechoslovakian 
nuclear power station is discussed in Ref. 16 
and is shown in Fig. VI-10. The figure does not 
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Fig. VI-10 
vakian power station. 


Pressure vessel for the first Czechoslo- 
16 
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illustrate the upper head details, but there are 
approximately 200 nozzles through the head for 
control and refueling. The reactor is D,O mod- 
erated, and the CO, coolant is piped through 12 
inlet and 12 exit nozzles. The reference con- 
tains much information on stress analysis, ma- 
terial properties, and test results that would be 
of interest to the specialist. The pressure- 
vessel steel is designated “CSN 13030,” and is 
composed of <0.20% carbon, 1.10 to 1.14% man- 


ganese, <0.10% cobalt with titanium and alu- 
minum added“... for increasing of structura! 
stability and finegrainedness ...” The refer- 
ence describes the manufacture of a shortened 
version of the pressure vessel. The vessel is 
the same as the one shown in Fig. VI-10 but 
does not include some of the ring sections. 
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General Status 


The Geneva information on gas-cooled reactors 
that employ metallic fuel jackets deals almost 
exclusively with reactors developed in the 
United Kingdom and France. Consequently, this 
article reviews the status, the significant de- 
velopments, and the indicated directions of fu- 
ture development in terms of the British and 
French programs. 


Some basic information on specific reactors 
of the type is presented in Table VII-1. The 
reactors, all of which are CO, cooled and graph- 
ite moderated, are classified as “British de- 
signed’’or “French designed,” but the reactors 
in the former category are not all locatedin the 


Gas-Cooled 
Clad-Fuel Reactors 


By Walter Mitchell III 


British Isles. Although the majority of the sta- 
tions listed are multiple-reactor installations. 
as indicated in the first column of Table VII-1. 
the net electric outputs listed pertain to singis 
reactors. The date of power operation for i 
particular station gives the year in which the 
first reactor in a multiple-reactor installatic: 
began or will begin operation. 

The large number of British reactors of the 
CO,-cooled graphite-moderated type built or 
being built and the steady progression in reac- 
tor output are striking results of the British 
program, which has up to now concentrate 
heavily on this reactor type. The improvements 
in the type, as indicated by the parameters 
listed in Table VII-1, illustrate rather vividly 
the technological advances that occur as a re- 


Table VII-1 GENERAL INFORMATION ON GAS-COOLED CLAD-FUEL REACTORS!-16 








Primary 
Net electric coolant Primary coolant Fuel 
Station Date of first output Net nominal temperature at rating, Capital 
(number of reactors reactor per reactor, efficiency, pressure, reactor outlet, Mw(e)/ cost. 
in parentheses) on power Mw % psia °F metric ton of U $/kw 
British-designed 
reactors 
Calder Hall (4) 1956 54 23.5 100 652 
Chapelcross (4) 1959 54 23.5 100 652 
Berkeley (2) 1962 138 24.4 140 653 0.59 521 
Bradwell (2) 1962 150 28.2 147 739 0.63 492 
Latina (1) 1963 200+ 28.4 197 739 
Hinkley Point (2) 1964 250 26.4 195 705 0.72 420 
Hunterston (2) 1964 150 28.3 161 744 0.60 
Trawsfynydd (2) 1964 250 29.4 246 735 0.85 384 
Dungeness (2) 1965 275 32.9 284 770 0.92 319 
Tokai (1) 1965 149 26.8 223 739 
Sizewell (2) 1965 290 30.5 282 770 0.91 300 
Oldbury (2) 1966 300 33.6 365 770 1.02 302 
Wylfa (2) 1968 590 31.5 400 770 1.00 280 
AGR (1) 1962 27.3 27.3 285 977 
French-designed 
reactors 
G2 (1) 1959 40 16.0 215 644 
G3 (1) 1960 40 16.0 215 644 
EDF-1 (1) 1963 70 23.3 406 670 
EDF-2 (1) 1964 200 23.6 385 716 0.80 
EDF-3 (1) 1966 480 30.8 435 770 1.14 240 
EDF-4 (1) 1968 480 29.1 435 752 1.08 
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Sult of the research engendered by a large 
building program and the experience gained 
through reactor operations. The French pro- 
gram, although considerably smaller than the 
British effort, has resulted in rather remark- 
able advances also. Indeed, the predicted per- 
formances of the French reactors presently 
under construction are fully as impressive as 
those of the British. For example, a compari- 
son of the data in Table VII-1 for the Sizewell 
and EDF-3 plants, which are scheduled for on- 
power operation in 1965 and 1966, respectively, 
Shows that the bulk outlet gas temperatures 
from the reactors are the same. Pressure and 
fuel rating in EDF-3 exceed the comparable 
values in Sizewell by a large margin. Com- 
parisons of cost estimates from different coun- 
tries can be misleading, but, if the estimates 
for Sizewell and EDF-3 are comparable, they 
indicate a considerable advantage for the French 
design, perhaps because of the larger reactor 
output. 

That the British are proceeding with such a 
vigorous construction program is not surpris- 
ing in view of the fact that, even under con- 
servative assumptions, nuclear power in that 
country is expected to command a place in the 
generating system on solely economic grounds 
in the period 1970 to 1975. An indication of the 
relative costs of nuclear and conventional power 
in Great Britain is given in Ref. 9 by the state- 
ment that the replacement generation cost per 
day for Bradwell was $75,500 in January 1963 
and $36,400 in July 1963. (The replacement 
cost is the incremental fuel cost per day of the 
next available stations in the order of merit 
needed to replace Bradwell’s 300 Mw.) Al- 
though one would expect the January figure to 
be high, since this is a peak-load time of the 
year and the conventional plants available for 
service are the old and expensive plants, the 
July figure represents a period of low load 
during which time it appears reasonable that 
some fairly good conventional plants would be 
available for use. The January 1963 replace- 
ment generation cost is equivalent to a fuel 
cost of over 10 mills/kw-hr. It is interesting to 
note that even the very large conventional 
power Stations that will be commissioned in 
Great Britain during the period 1965 to 1970 
are estimated to have fuel costs! of between 
4.1 and 5.8 mills/kw-hr. 

An interesting trend has developed in the use 
of the prestressed-concrete pressure vessel for 
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this reactor type. In the British program, all 
reactors down through Sizewell use metal pres- 
Sure vessels, whereas Oldbury and Wylfa use 
prestressed concrete in conjunction with the 
“integral-plant” arrangement described later 
in this article. The French, despite (or perhaps 
because of) previous experience with concrete 
vessels in the G2 and G3 reactors, reverted to 
metal enclosures for the EDF-1 and EDF-2 re- 
actors. Then, for EDF-3, they changed again— 
to a concrete version of the conventional pres- 
sure vessel, i.e., a vessel that encloses only 
the reactor proper. Finally, in the EDF-4 plant, 
the concrete-vessel integral-plant concept is 
used. Thus it appears that the evolution of the 
reactor type in the United Kingdom and France, 
after having proceeded along somewhat dis- 
Similar paths, has now reached a point in time 
at which the gross features of the plants under 
construction are comparable. In the course of 
this evolution, it seems that the British may 
have displaced the French as the boldest expo- 
nents of the concrete pressure vessel, since 
they expect to put the integral concept into ser- 
vice in 1966 in the Oldbury plant, two years be- 
fore EDF -4, 

The large gas-cooled reactors have proved 
their reliability through the years. For some 
time now, utilization factors of 90% and greater 
have been common for long periods in the oper- 
ating history of the Calder Hall reactors, and, 
as shown in Table VII-2, even the relatively 
young Berkeley and Bradwell plants are exhib- 
iting a satisfactory degree of reliability. The 
“utilization factor” is defined as 


Units sent out x 100 
Design sent-out capacity x time 


The performance of Berkeley and Bradwell dur- 
ing the period from startup to February 1964 is 
presented in Table VII-3 in terms of the utili- 
zation factor. 

The reactors listed in Table VII-1, with the 
exception of the Advanced Gas Cooled Reactor 
(AGR), are fueled with natural-uranium metal 
clad in a relatively low-temperature alloy. The 
fuel elements are massive, to the extent that 
the entire cross section of a process channel 
contains only a single fuel element, and the 
Specific power and power density are conse- 
quently low. These characteristics result from 
the use of metallic uranium, since the massive 
elements not only promote the attainment of the 
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Table VU-2 . PERFORMANCE OF BERKELEY AND BRADWELL STATIONS 
DURING PEAK LOADING OF U. K. CENTRAL ELECTRICITY GENERATING 
BOARD SYSTEM? 


Berkeley Bradwell 

Nov. 1962 Nov. 1963 Nov. 1962 Nov. 1963 
to to to to 

Feb. 1963 Feb. 1964 Feb.. 1963 Feb. 1964 
Design sent-out capacity, Mw 275 275 300 300 

Maximum sent-out capacity 

achieved, Mw 231 241 278 311 
Units sent out, kw-hr x 1078 528 557 552 807 
Utilization factor, % 67 70 64 93 


On-power dates 


Table VII-3 ANALYSIS OF PERFORMANCE FROM 
STARTUP TO FEBRUARY 1964, BERKELEY AND 
BRADWELL STATIONS? 


Berkeley, Bradwell, 
% % 


Utilization factor 52 60 
Utilization losses 
Output restrictions 
Nuclear fuel temperature 4.8 5.8 
Nonnuclear pressure drop 
in superheaters 
Plant nonavailability 
Nuclear 
Reactor trips 
Spurious reactor trips 
Flux scan tube failure 
Absorber, fuel, etc., 
movements off load 
Fuel failures 
Nonnuclear 
Modification of super- 
heaters 
Turbines, boilers, etc. 
Planned maintenance 
External causes 
All other causes (load 
changing, startup, fuel 
integrity tests, etc.) 
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necessary reactivity but also keep the fabrica- 
tion component of the fuel cost at a reasonable 
level, despite the short exposure lifetime. The 
logical development of the reactor type, as em- 
bodied in the AGR, is a reactor capable of de- 
veloping considerably higher gas temperatures 
and much higher power density, along with much 
extended fuel life. This is accomplished prin- 
cipally through the use of different fuel and 
cladding materials but requires the use of en- 
riched fuel. Details of the AGR, in which the 
fuel consists of slightly enriched-uranium di- 
oxide pellets encased in thin stainless-steel 
cans, assembled in clusters, are in Ref. 17. 
Fuel loading of the AGR commenced? in August 
1962, and since February 1963 the reactor has 


Reactor 1, June 1962 
Reactor 2, Oct. 1962 


Reactor 1, June 1962 
Reactor 2, Nov. 1962 


operated at or above its designed power. The 
designed gross electrical generation of 33 Mw 
was achieved at startup, and within weeks the 
output was increased to 37 Mw, the limit of the 
installed generating plant. The experimenta: 
nature of the AGR has required the reactor ts 
be shut down on several occasions, but, despite 
these periods of shutdown, the plant load factor 
(utilization factor) for the first year of opera- 
tion has been a very satisfactory 74.1%. The 
plant availability factor, defined as the propor- 
tion of time for which the reactor was operating 
at full power, or for which the plant was fully 
available but was shut down or operated at re- 
duced power for experimental purposes, has 
been 86.6%. These values, as well as the rea- 
sons for losses of equivalent full-power time, 
are shown in Table VII-4. 

In summarizing the current status of the gas- 
cooled graphite-moderated reactor, one can 
really state only the obvious things: that a 
large number of the reactors have been built; 
that the reactors which have been built have 
operated satisfactorily and have proved that 


Table VII-4 CAUSES OF REACTOR OUTAGE OF 
THE AGR® (FEBRUARY 1963 TO FEBRUARY 1964) 


(Losses As Percent of Equivalent Time at Full Power) 


Planned annual maintenance and inspection, % 4.5 
Unplanned maintenance, % 


Control-rod sleeve faults 4.6 

Electrical/mechanical faults 2.8 

Instrument faults 0.03 

Human errors 1.5 
Total operational losses, % 13.4 
Operational availability, % 86.6 
Off load or reduced power handling 

of irradiation experiments, % 11.7 
Power reduction for physics experiments, % 0.8 
Total experimental losses, % 12.5 
Plant load factor, % 74.1 
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the type is reliable; that, typically, original 
performance capacities are exceeded by tech- 
nological improvements which are incorporated 
in the existing plants; that the advanced reac- 
tors represented by the British AGR appear to 
have a sound basis for future development; and, 
finally, that the development of the technology 
has proceeded as might have been expected. 
Thus the very considerable gains that can be 
made by choosing a reactor type and building 
and developing it intensively have been demon- 
strated. If the type still appears to be less than 
economically competitive in countries like the 
United States, it is not because of any failure to 
equal or exceed the early expectations but be- 
cause of inherent characteristics of the type. 


Fuel Elements 


The Magnox reactor, which is defined as a 
graphite-moderated gas-cooled reactor fueled 
with metallic uranium in Magnox cans, is the 
“standard” reactor discussed here. The cost 
reductions that have been achieved in the de- 
velopment of this reactor type are discussed in 
a paper by Smith et al.’ which, although written 
to apply to those reactors developed in the 
United Kingdom, serves as an excellent guide 
to the directions of development and remaining 
areas of exploitability of the general reactor 
type. The comments that follow are taken 
largely from Ref. 7. 


The primary factors in the cost reductions 
which have been achieved are increases in unit 
output, improvements in layout and detailed de- 
sign, and increases in fuel rating. Since the 
fuel electrical rating (electrical megawatts per 
metric ton of uranium) determines the total 
weight of fuel in a plant of given capacity, it is 
a significant parameter in the cost of the first 
fuel charge and also influences strongly the 
reactor dimensions, which, in turn, are re- 
flected in the cost of the reactor and its asso- 
ciated equipment. The fuel electrical ratings 
can be increased by increasing fuel heat rat- 
ings, by increasing reactor coolant tempera- 
tures and steam-cycle efficiencies, or by low- 
ering blower power. The achievement of a net 
gain by any of the above three means while 
keeping materials constant requires improve- 
ment of the fuel-element heat-transfer per- 
formance and/or the coolant heat-transport 
performance; in the gas-cooled reactor, the 
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most straightforward approach to such a gain 
is an increase in the coolant pressure. The 
trend toward higher pressures is illustrated in 
Fig. VII-1 for a majority of the Magnox reac- 
tors designed and built to date. The pre- 
stressed-concrete pressure vessels developed 
for the very large Magnox reactors have en- 
abled the designer to select coolant pressure 
on the basis of economic optimization. All the 
high-output plants shown in Fig. VII-1 (Oldbury, 
Wylfa, EDF-3, and EDF -4) utilize the concrete 
vessel, and the attendant increase in fuel elec- 
trical rating is evident. 


EDF -3 (1960) o 


EDF -4 (1964) o 


Oldbury (1962) 
O wy ifa(196.4) 


Sizewel! (1961) QA Dungeness ‘A (1960) 
Tokai-Mura, 


(1960) 


Latina 
(958) 


Trawsfynydd 
(1958) 


o Hinkley Point (lote (95 7) 
Hunterston(t95 7) 
Bradwell (1957) 
Berkeley (1957) 
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The year of starting 
construction is shown 


Fuel Electrical Rating, Mw/metric ton 





Fig. VII-1 Fuel ratings and gas pressures of vari- 
ous reactor designs.*? 


As stated in Ref. 7: “The scope for increas- 
ing thermal efficiency of Magnox stations is 
probably fully exploited, so attention is now 
focused on increasing the fuel heat rate.” Much 
of the effort on fuel and fuel-element develop- 
ment has been directed toward finding designs 
that can yield the higher heat ratings simulta- 
neously with a fuel-element life expectancy that 
is at least as long as the reactivity lifetime 
afforded by natural uranium. 


Fuel Materials 


Certainly one of the most significant develop- 
ments in the Magnox-reactor fuel program has 
been the production of “adjusted” uranium by 
the British. In the earlier days of the Magnox 
reactor, core life was considered to be deter- 
mined by the swelling in the natural-uranium 
metal fuel. It is now considered that the behav- 
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ior of the uranium is not a limitation in the 
operation of the Magnox fuel elements and that 
the lifetime limit will be determined by the 
available reactivity. Basically, adjusted ura- 
nium is uranium containing 400 to 1200 ppm 
aluminum and about 300 ppm iron and 600 ppm 
carbon. These additions of material produce 
the greatest individual effect in reducing swell- 
ing, but, in order to obtain the effect, it is nec- 
essary to quench the uranium írom the beta 
phase and subsequently anneal it in the alpha 
phase, In uranium produced by this method, the 
fractional volume increases are remarkably 
small and are unaffected by fission rate (for a 
given total burnup). British data’® indicate that 
the adjusted uranium is superior to uranium- 
molybdenum alloy in its swelling behavior and 
does not have the high-neutron-absorption pen- 
alty of the molybdenum alloy. Additionally, the 
molybdenum content of the uranium-molybdenum 
alloy presents a considerable problem in the 
chemical processing stage of the fuel cycle. 
Figure VII-2 illustrates the relation between 
the volume increases in uranium and uranium 
alloys. The adjusted uranium has been tested in 
thermal-cycling conditions of the amplitude and 
frequency expected in the Magnox reactors, and 
its swelling appears to be unaffected by such 
cycling. 

Reference 18 contains an interesting disser- 
tation on uranium swelling which, for the pur- 
poses of this discussion, can be said to be de- 
pendent largely on the size and distribution of 
fission-gas bubbles in the metal. In a rather 
crude sense, it can be said that the swelling of 
uranium can be held to a minimum by prevent- 
ing the coalescence of fission-gas bubbles: in 
other words, although fission-gas generation is 
a function of irradiation, the effects of such 
generation can be minimized by preventing the 
migration and coalescence of the gas bubbles. 
In even simpler terms the desired condition 
within the fuel is one in which the number of 
gas bubbles is kept to a maximum and, conse- 
quently, the sizes of the individual bubbles are 
kept at a minimum. During the production of 
adjusted uranium, when the material is held in 
the beta phase, most of the particles of the 
intermetallic compound UAI, and all the parti- 
cles of U¿Fe precipitated during casting are 
redissolved. When the material is quenched, 
the aluminum and iron are retained in solution 
and, during the subsequent alpha annealing, are 
reprecipitated as fine particles at the grain 
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boundaries and within the grains of the mat:- 
rial. The quenching and annealing apparent. 
produce a fine intragranular and intergranul:: 
dispersion of UA), particles with possibly sor: 
iron in solid solution. The reason for the ez- 
cellent performance of the adjusted uranium i: 
thought to be that this dispersion essential. 
“anchors” the fission-gas bubbles within th: 
material so that migration and coalescenc: 
cannot take place. 

Although the adjusted uranium has become 
the standard material used at the Springfiel:: 
Works (the fuel-element production facility «: 
the UKAEA),! and although the British con- 
sider’? that other alloys now undergoing irr2- 
diation are unlikely to show an overall advan- 
tage aS a fuel material when compared to the 
adjusted uranium, it is evident that the Frenc: 
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consider other alloys as the preferred Magnox- 
reactor fuel materials. The French flatly con- 
tradict the British proposition that the bubble- 
migration phenomenon is the dominant factor in 
the growth of uranium fuel elements and state” 
that no French experiments have ever shown 
evidence of such a phenomenon. In the later 
French reactors, the fuel is typically uranium- 
molybdenum alloy, with the molybdenum content 
ranging from 0.5 to 1.0%. These fuel elements 
are hollow-rod type elements with external 
cooling only. For their advanced fuel element, 
which has an annular cross section of uranium 
cooled internally and externally, the French 
propose a fuel made of uranium of “low alloy 
contents” in order to avoid the relatively high 
neutron absorption of the molybdenum alloys, 
since the mechanical strength of the molybde- 
num alloy is not required in the internally 
cooled annular elements. Perhaps the French 
philosophy on fuel-material development is that 
the uranium-molybdenum alloys possess a high 
mechanical strength at elevated temperatures 
and that this property makes them particularly 
Suitable for use in the hollow-rod elements 
subjected to high external pressures. Further- 
more, growth becomes negligible at tempera- 
tures around 525°C and appears to be inde- 
pendent of the type of alloy considered, although 
no inconvenient swelling has been observed in 
the uranium-molybdenum alloy during fuel- 
element tests.’ Although the French are de- 
voting a substantial effort to the development of 
the annular fuel element that utilizes less ab- 
sorptive fuel than their typical uranium-molyb- 
denum alloy, they clearly state”! that the more 
conventional closed-tube elements suchas those 
employed in the EDF-2, -3, and -4 reactors 
will not be abandoned. 


Although development of fuel elements for 
the AGR in Great Britain is continuing, nothing 
very unusual has been reported concerning the 
fuel portion of these elements. High-density 
UO, is still the preferred fuel material, and 
research on this material is proceeding along 
fairly routine lines. The major emphasis in the 
development of these fuel elements is in the 
configuration and cladding materials, which 
will be discussed in following sections. 


Fuel-Element Cladding and Structure 


The policy adopted by the British for the de- 
velopment of critical items such as cladding 


GAS-COOLED CLAD-FUEL REACTORS 


63 


alloy and structural alloy for fuel elements has 
been one of parallel development with alterna- 
tive solutions. It appeared likely that the ma- 
terial used for cladding alloy since 1956 in the 
Calder Hall reactors would have a limited life 
because of failure by linkage of grain-boundary 
cavities at temperatures up to 300°C. This 
material, a coarse-grained magnesium—0.8% 
aluminum alloy called Magnox AL80, could be 
replaced by a fine-grained Magnox AL80 that 
exhibited a greater ductility and could be ex- 
pected to have a longer life, but the fine-grained 
structure could be attained only by the con- 
trolled application of cold work which might be 
expected to be a hindrance to bulk manufactur- 
ing operations.'!® The principal alternative to 
the fine-grained Magnox AL80 alloy was an in-. 
herently fine-grained two-phase alloy contain- 
ing 0.55% zirconium and called Magnox ZR55. 
Cladding made of bulk materials was produced 
for the Civil Reactor Program in Great Britain, 
and large-scale proving trials in the UKAEA 
reactors were begun. Meanwhile, the manufac- 
ture of the fine-grained AL80 cladding material 
was developed until the process was suitable 
for large-scale production of cans, and this 
development turned out to be a fortunate one 
for the program. Because of the diffusion of 
plutonium through the Magnox ZR55 cladding at 
irradiations above 1000 Mwd/ton, the operation 
of the burst-cartridge detection gear in the 
Magnox reactors was impaired. Consequently, 
the fine-grained Magnox AL80 has been adopted 
as the “standard” cladding material for use in 
the British reactors. 


The requirements of some of the structural 
components of fuel elements are different than 
those of the cladding since the loadings are 
different. For instance, the end caps and asso- 
ciated fittings which support the axial loads 
acting on stacked elements require a high re- 
sistance to creep but demand less ductility than 
is required of the cladding alloys. To date, a 
0.7% manganese alloy, Magnox MN70, has been 
the one most widely used for end caps and fit- 
tings,2 and the most popular material for 
spreaders and braces has been heat-treated 
Magnox ZR55 (Ref. 19). 

The French presented relatively little infor- 
mation at Geneva concerning the development of 
cladding and structural materials for the fuel 
elements of their gas-cooled reactors. Al- 
though they are aware of the fine-grained Mag- 
nox AL80 used by the British; the French áp- 
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pear to prefer”? a magnesium-zirconium alloy 
similar, presumably, to the Magnox ZR55 con- 
sidered by the British. Although the typical 
French fuel element does differ?! from the 
British elements (in that, since EDF-2, the 
French have fitted their elements with a graph- 
ite sleeve), the plutonium diffusion problem 
must still remain. Little information was given 
concerning burst-cartridge detection in the 
French reactors, but the problem has appar- 
ently been reconciled with the operation of the 
reactors. Apparently the magnesium-zirconium 
alloy is used for the welded end caps” of the 
fuel elements as well as for the cladding ma- 
terial. 


The development of cladding materials for 
higher temperature gas-cooled reactors (such 
as the AGR and the French gas-cooled heavy- 
water-moderated reactor EL-4) indicates that, 
at least for the fairly near future, reactors of 
this sort will utilize fuel that is clad with very 
thin stainless steel. Apparently, the British are 
not considering very seriously any material 
other than stainless steel for this high-temper- 
ature application, although some years ago 
beryllium had been considered for use in the 
AGR. The French, however, although resigned 
to the use of stainless steel at present, con- 
tinue studies directed toward the development 
of beryllium as a cladding material and are 
investigating, in parallel efforts, other mate- 
rials such as iron-aluminum alloys. Reference 
24 contains descriptions of some of the recent 
work in France on the development of beryl- 
lium and indicates that some progress is being 
made on the problem of improving the ductility 
of beryllium in the direction perpendicular to 
the direction of extrusion. 


Fuel-Element Configurations 


The fuel-element configuration that has been 
used or specified most frequently in Great 
Britain is the solid rod in a polyzonal can, 
whereas the French ordinarily use the hollow 
rod in a polyzonal can, housed in a graphite 
Sleeve. The British-designed Tokai reactor, 
however, has’? a hollow-rod element and a 
graphite sleeve, and the Hunterston reactor 
also has the graphite sleeve.” Some of the fuel 
geometries that have been considered by the 
British are shown in Fig. VII-3. The arrange- 
ment of flat bars in a fuel element is one in 
which bars with different widths are held par- 
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allel to each other to “fill” approximately t- 
circular-cross-section fuel channel. T 
investigation of these geometries has be: 
prompted by the trend to higher heat ratings. 
A departure from the solid fuel geometry :: 
required if the desired increases in rating ar: 
to be achieved. The British have apparent. 
concluded that the flat-bar and tubular el:- 
ments offer substantial savings in power-ger- 
eration cost relative to the current solid-r: 
designs in very large reactors.’ Of the ts 
configurations the flat-bar approach is pre- 
ferred because it appears to have fewer tect- 
nical uncertainties and slightly better economi: 
potential than the tube.’ Of the solid-rod typ: 
elements used or specified to date, two types 
appear to have been used in the largest num- 
bers. These are the polyzonal element wit. 
helical fins and the polyzonal element with her- 
ringbone fins. Drawings of the external appear- 
ance of elements of these types are shown r. 
Fig. VII-4. As is indicated by the drawing, th: 
herringbone element is considerably simple: 
mechanically than the helical type identified as 
a Dungeness Mark I element. Although the 
British have been quite cautious and have state: 
that the herringbone element has yet to demo- 
strate its stability in such mechanical form,” 
they do plan large-scale irradiation trials and 
state that the merits of the design? have re- 
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ulted in its adoption for the second reactor at 
izewell. 

The characteristics of French fuel elements 
yr Magnox reactors are shown in Table VII-5, 
rhich indicates that the reactors in the EDF 
eries all use hollow rods, that from EDF-2 
nward graphite sleeves have been used, and 
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that for the external surfaces of round ele- 
ments the herringbone finning arrangement is 
preferred. 

The “advanced” French fuel element that 
corresponds to the flat-plate type envisioned by 
the British is the annular element listed in 
Table VII-5 and shown in Fig. VII-5. As indi- 
cated in the drawing, this is a very large ele- 
ment, the distance across the span of the 
centering device being about 7 in. Its cross- 
sectional area of fuel and its inside and outside 
diameters correspond roughly to those studied 
by the British in their search for an advanced 
fuel element (Fig. VII-3). It is interesting to 
compare the maximum specific powers shown 
in Table VII-5 for the French fuel elements 
with the data presented in Fig. VII-6, which is 
based on information generated by the British 
and presented in Ref. 7. The comparative gen- 
eration costs shown in the figure are based on 
optimized reactors of 500-Mw(e) output for 
each of four fuel geometries. Although it is 
stated that the fuel prices for the flat bar and 
the tube are nearly the same for their optimum 
designs, ' the blowing power requirement at a 
given coolant pressure is lower for the flat- 
bar design than for the tube, and this more than 
offsets the costs associated with the require- 
ment for a somewhat larger core when the flat- 
bar design is used. 

With regard to the French fuel-element pro- 
gram, an interesting comparison of the relative 
costs of the various operations in preparing 
fuel elements for the reactors for G2 to EDF-3 
is shown in Table VII-6. Since the “new ura- 
nium” cost should be the same for each ele- 


Table VU-5 CHARACTERISTICS OF FRENCH FUEL ELEMENTS?! 





EDF-3 and Annular element 
EDF-1 EDF-2 EDF-4 (INCA) 
CO, pressure, psia 406 385 435 656 
Fuel 
Alloy U-Mo, 0.5% U-Mo, 1% U-Mo, 1% Slightly alloyed U 
Diameter, in. 0.55 x 1.38 0.71 x 1.57 0.90 x 1.69 3.03 x 3.74 
Cross section, sq in. 1.24 1.55 1.55 3.88 
Maximum specific power, 4.4 5.8 6 11 
Mw/ton 
Can 
Type of fins Longitudinal Helical Flat-sided External, herringbone; 
herringbone herringbone internal, longitudinal 
or corrugated 
Maximum heat flux, 178,000 260,000 257,000 External, 333.000; 
Btu/(hr)(sq ft) internal, 222,000 
Element 
Individual support None Graphite sleeve Graphite sleeve Graphite sleeve 
Length, in. 23.6 23.6 23.6 23.6 
Number per channel 15 12 15 15 





Differential Generation Costs, pence/kw-hr 


Vol. 8, No 





Bottom Supporting 


Cop 











`N Í (ggggg 



























































AAAI Sl OTS 
(VV V uN à SPR a a ae Á V l 


Uronium Tube 









Integrated Centering ip 4 
Device 3.03 I.D 
6.93 0. External Can with Flot-Sided 


\ nt gg Herringbone Fins 


Internal Can with 
Longitudinal Fins — 





Fig. VU-5 The French annular element (INCA).21 


ment type, the relative costs for the complet: 





0.03 elements are easily derived. 

It appears that no radical changes are fortt- 
wee ¿Sala TP coming in the selection of fuel-element con- 
béi figurations for advanced gas-cooled reactor: 

b- Hollow Rod such as the AGR, and the continued use “ 
O as multirod bundles of small-diameter fuel tube: 
may be expected.” 
-0.01 
= ===. Pressure Vessels 
-0.03 Tube 
c The British reactor stations up to Sizewz.. 
-0.04 ii have utilized steel pressure vessels. The fi. 
2 4 6 8 0 12 4 6 electrical rating has been increased sigmíi- 
Moximum Fuel Rotings, Mw(t)/metric ton cantly through this series of plants, as nŭi- 


cated in Fig. VII-1, and much of this increas: 
Fig. VUl-0  Ditterential generation cosis.” has come about through increases in coor: 
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Table VII-6 BREAKDOWN OF FUEL CARTRIDGE COST IN FRANCE? 


Percent of fuel cartridge cost 
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G2 and G3 EDF-1 EDF-2 EDF-3 
solid rod hollow rod hollow rod hollow rod 
(dia., 1.22 in.) (dia., 0.55 to 1.38 in.) (dia., 0.71 to 1.57 in.) (dia., 0.90 to 1.69 in.) 
New uranium (ingots) 72 58 56 54 
Solid-rod and hollow- 
rod manufacture 6 6 7 
Cans and plugs 4 4 5 
Alumine pellets 
Centering grids 2 
Graphite sleeves 8 8 
Manufacture and testing 18 27 24 28 


oressure. But increases in design pressure 
have been limited by the difficulties met inpro- 
curement and in on-site welding and inspection 
of thick steel plate.’ At the same time the trend 
in reactor capacity has been to high-capacity 
inits that make possible significant reductions 
in capital cost, and the influence of this trend 
1as been to increase reactor size despite the 
1igher power density that has been achieved. 
consequently the problem of increasing the 
pressure in order to increase the fuel rating, 
while at the same time larger and larger plants 


are achieved, has resulted in the conflicting ` 


requirements of higher pressures in larger 
vessels. An example of this is evident in the 
designs of the Bradwell and Dungeness reac- 
tors. For Bradwell, 3-in.-thick plate was speci- 
fied at a working pressure of 147 psia. For 
Dungeness, about three years later, when 4-in.- 
thick plate was available, coolant pressure was 
limited to a value somewhat less than 300 psia, 


and presSure-vessel dimensions were at a 
maximum of approximately 60 ft in diameter. 
The use of prestressed-concrete pressure ves- 
sels has permitted the economic optimization 
of coolant pressure and vessel diameter, and it 
is obvious from inspection of Fig. VII-1 that 
the desired pressure of the larger and newer 
power plants is substantially greater than that 
which had been possible in the units up through 
Dungeness-A. 

The impressive sizes of the concrete pres- 
sure vessels which have been specified for 
planned plants are illustrated by the data pre- 
sented in Table VII-7. For example, the Wylfa 
pressure vessel has an internal diameter about 
half again as great as that of the largest steel 
vessels, and the nominal pressure of its pri- 
mary coolant is more than a third again as 
great as that of the steel-vessel plants. The 
proponents of the concrete vessel claim that it 
has other advantages also. A fair body of opin- 


Table VII-7 GAS-COOLED CLAD-FUEL REACTORS USING CONCRETE VESSELS#.!¢ 


Pressure vessel 





Primary Primary coolant 
coolant tem perature Approximate 
Date of first Thermal nominal at reactor Dimensions minimum 
reactor power, pressure, outlet, Shape of of internal wall thickness, 
Reactor on power Mw psia °F internal cavity cavity, ft ft 
G2 1959 250 215 644 Horizontal-axis Diameter, 45.9; 9.8 
cylinder length, 51.5 
G3 1960 250 215 644 Horizontal-axis Diameter, 45.9; 9.8 
cylinder length, 51.5 
EDF-3 1966 1560 435 770 Vertical-axis Diameter, 62.3; 13.9 
cylinder with height, 69.1 
truncated cone 
sections at top 
and bottom 
Oldbury 1966 890 365 770 Vertical-axis Diameter, 77.0; 15.0 
cylinder height, 60.0 
EDF-4 1968 1650 435 752 Vertical-axis Diameter, 62.3; 16.4 
cylinder with height, 119.0 
upper trun- 
cated cone 
section 
Wylfa 1968 1870 400 770 Sphere Diameter, 96.0 11.0 





68 POWER REACTOR TECHNOLOGY 


ion among the British and French designers is 
that the steel pressure vessels used in the 
United States are, in fact, susceptible to sudden 
failure. In the opinion oí these people, the maxi- 
mum credible accident should logically be con- 
sidered to be the sudden brittle fracture of the 
reactor pressure vessel; the mode of ultimate 
failure of concrete pressure vessels, however, 
is progressive and without sudden rupture. ”? 
Obviously this theory is not widely popular 
among the proponents of steel vessels. 


Refueling Machines 


The performance of refueling equipment in 
both the British and French reactors has been 
acceptable, and the development of refueling 
machines has been characterized by steady 
improvements based on operating experience 
gained with the machines used in the relatively 
early reactors. In the G2 and G3 reactors, the 
original machinery has been improved princi- 
pally for increasing operational safety, but the 
improvements have also permitted increases in 
the refueling rates so that it is now possible to 
discharge nearly 27 fuel channels in 24 hr, or 
about three times the initial design rate of the 
machines.’ The EDF-2 reactor is equipped with 
two refueling machines, the main machine and 
an auxiliary machine, whereas in EDF-3 the 
French have reverted to a Single all-purpose 
device. Among the difficulties encountered by 
the designers of the equipment for these reac- 
tors is the problem of lifting of the last few 
elements in a particular channel when that 
channel is being unloaded under power. Im- 
portant design features of the machines” are 
the baffling arrangements that are used toavoid 
levitation of the final elements by preventing a 
very high loss of head at the top end of the 
channel being refueled. The performance of the 
French refueling equipment will be interesting 
to observe in view of the fact that studies and 
tests are said to account for about 35% of the 
cost of the machines. 

A British paper?! relates the experience ob- 
tained with the Bradwell and Latina on-load 
fuel-handling equipment and discusses the in- 
fluence of this experience on the design of later 
machines for the Dungeness and Oldbury reac- 
tors. It is sufficient here to point out two of the 
major conclusions of the paper. The first is 
that the time required for the machine to per- 
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form a certain number of reloading or chargr. 
operations is considerably longer in pract:- 
than is indicated by design calculations. The: 


differences in time are illustrated by the dz. 


in Table VII-8 which show that the actual tim- 
is some 2!/, times as great as the design tim: 
It is felt that the required time may be reduc:. 
to a value of about twice the design time. Tz 
other conclusion drawn by the British is gir: 
in the following quotation from Ref. 31: “Mas- 


sive rather than elegant devices give by far th | 


best service.” 


Table VH-8 BRADWELL CHARGE-MACHINE 
OPERATING-CYCLE TIMES! 


Actual wiles 


are 
Operation 

Inspect three channels of fuel and load 

magazine 11⁄, 
Load three channels of fuel into ma- 

chine 2 1 
Travel machine to gas supply and 

connect 1⁄, y 
Pressurize machine xY s 
Reinstate previous standpipe and 

prepare new one 3 
Connect machine to standpipe 1⁄, 1, 
Discharge and reload three channels 8 3. 
Disconnect machine and travel to vent 

point 1⁄ u 
Depressurize machine t/, 
Connect to discharge hole and unload 2 

three channels 2 
Travel to vent point and purge ma- 

chine 1⁄, 
Travel to loading point and connect 1Y/, A 
Total times 20, . 


Control and 
Instrumentation 


The development of larger and more complex 
reactor plants has had a number of effects on 
plant operating philosophy. There are trends 
(1) toward centralized control,’ (2) toward a 
better understanding of, and consequently 4 
closer approach to, the temperature limits of 
the various core materials, and (3), because 
of the very large reactors currently under con- 
struction and operation, toward concentrating 
on the control and stability problems inherent 
in very large cores, particularly with regard 
to spatial variations.“ The experience gained 
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cough the years, while revealing some prob- 
ms that had not been anticipated in the early 
Signs, has served as both a firm foundation 
aAa an experimental basis for the future opera- 
>n of power reactors.’ 


At the time the burst-cartridge detection gear 
as designed for the Calder Hall reactors, no 
erating experience existed to indicate the 
‘pes of fuel-element failure which might occur. 
Onsequently the systems supplied for the early 
eactors were designed to meet a few funda- 
1ental requirements for burst-cartridge de- 
>ction and were not particularly suited to de- 
>Cting properly the types of actual bursts that 
vould be encountered during operation. AS a 
Onsequence of reactor operation and the de- 
ermination of the most likely modes of fuel- 
lement failure, system specifications have 
yeen more clearly defined. The fast burst, a 
uel-element failure that gives virtually in- 
stantaneous release of a Significant quantity 
>f fission products, has been identified as a 
particular failure type, and this type of burst 
nakes important the quick-detection-and-loca- 
tion capability that has led to an increase in 
the frequency of group scanning at some ex- 
pense to sensitivity. Since experience with the 
early reactors became available, the burst- 
cartridge detection systems for the British 
reactors have used a combination of the fast 
scan at low sensitivity with a single-channel 
scan of long cycle time. Some of the features 
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of systems designed for later British reactors 
are given in Table VII-9. 


The French G2 reactor was initially equipped ` 
with a burst-cartridge detection installation 
Similar to that used in the Calder Hall reac- 
tors.! On the strength of experience acquired 
with the G1 reactor, modifications to the G2 
system and development of the G3 system have 
been based on a capability which the French 
feel is important: measuring the time rate of 
the signal as well as an instantaneous absolute 
value. The G3 reactor installation has per- 
formed satisfactorily and has served as the 
basis for the burst-cartridge detection systems 
that will be employed in the EDF reactors. 


Advanced Concepts 
and Future Directions 


The concepts that are classified here as 
“advanced” include the advanced gas-cooled 
reactor, typified by the Windscale AGR, and 
the integrated plant designs that utilize con- 
crete pressure vessels to enclose the entire 
primary system. 


The AGR has been described rather thor- 
oughly in the literature, and here it will suffice 
to say that the reactor was commissioned es- 
sentially on schedule and that its operation since 
commissioning has been entirely satisfactory. 


Table VII-9 DETAILS OF RECENT BRITISH BURST-CARTRIDGE 
DETECTION SYSTEMS’! 


Dungeness 

Reactor No. 1 on load 1964 
Channels in reactor 3932 
Channels per group sample 32 
Period of group scan, min 6.7 
Cycle time per sample, sec 25 
Single-channel scan period, hr 3.7 
Total precipitator units 

per reactor 20 
Group sample flow rate at 

precipitator, lb/sec 0.115 
Single sample flow rate at 

precipitator. lb/sec 0.042 
Total circuit mass flow, lb/sec 1.6 
Circuit pressure drop. psi 40-45 
Transit time, channel to 

precipitator, sec 6 
Sensitivity (M.D.A.)t I 

Group. mm? 10.0 

Single, mm? 0.57 


Sizewell Oldbury Wylfa 
1965 1966 1968 
3784 3308 6156 
32 8 32 
Continuous 11 Continuous 
60 25 60 
4.25 4.0 7.1 
18* 27 29* 
0.037 0.115 0.031 
0.017 0.042 0.026 
5.2 2.4 7.3 
40 42—47 55 
5.9 11 6.7 
3.5 2.5 3.8 
0.11 0.57 0.13 





* Eight chambers per precipitator unit. 


tMinimum detectable area as determined by an alarm set 25% above background for a 
scanned system and 15% above background for a continuous system. 
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As mentioned briefly before, the AGR type fuel 
elements have undergone no major evolution in 
the past few years: the reactor type is appar- 
ently destined to use the multirod bundle type 
element. Since an element of this type involves 
relatively high fabrication costs per unit weight 
of uranium, favorable economic performance 
requires a rather long fuel life in the reactor. 
This requirement poses a difficult task for the 
designer if it is also imperative to design for 
the minimum possible fuel enrichment; for, in 
the absence of a good low-cross-section ma- 
terial for the fuel jacket, he must design for 
the minimum-thickness jacket of stainless steel. 
A fairly recent development in the AGR fuel 
program is the consideration of the use of plu- 
tonium®’ as the enriched component of the fuel, 
since it is felt in Great Britain that the stock- 
pile of plutonium is growing at a rate which 
will ensure a more than adequate supply of the 
material when fast-breeder reactors become 
commercial. Consequently the British philos- 
ophy appears to be that the thermal reactors 
will be permitted to utilize this “extra” pluto- 
nium if it appears feasible. 

The integrated plants, which are EDF-4, 
Oldbury, and Wylfa, are typified by their com- 
pact arrangements (if such a description can be 
applied to these huge reactors), Although all 
three reactor vessels contain all the principal 
components of the primary circuit, their Shapes 
and arrangements are quite different, as indi- 
cated in Table VII-7. EDF-4, for example, 
utilizes a rather tall, thin configuration in 
which the steam generator is located below the 
reactor core. A disadvantage of this scheme is 
the lack of natural-circulation cooling in the 
event all CO, circulators are lost. With the 
over-and-under arrangement of the major com- 
ponents of the primary loop, it follows that the 
EDF-4 pressure-vessel internal space is rela- 
tively small in diameter and quite high, as in- 
dicated in Table VII-7. The basic arrangements 
in Oldbury and Wylfa resemble one another in 
that the steam generators are located peripher- 
ally around the reactor core and at about the 
same elevation as the core. The shapes of the 
internal cavities of the pressure vessels are 
different, however, with the Wylfa station re- 
taining the traditional spherical shape of the 
earlier British stations and with Oldbury using 
a vertical-axis cylinder. 

The directions of future development of the 
planned stations in both Great Britain and 
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France are rather clearly shown by the infcr. 
mation presented in Table VII-1 and by the i- 
creases in primary coolant pressure and !.- 
electrical rating shown in Fig. VII-1. What — 
not so clearly shown is the type reactor t 
will be employed for the “next generati:: 
plants in these two countries. 

At the time of its conception, the AGR s< 
felt to be the logical successor to the Magr:- 
stations in Great Britain. Although the AC: 
has performed as expected, there is still x. 
problem of minimizing absorption in the fu- 
cladding in order to obtain long fuel lifetim-: 
at low values of enrichment. When one mak: 
the jump to enriched fuel, a variety of reactc:: 
enters the picture. Furthermore, although t- 
AGR fuel has behaved well to date, the oper:- 
tion reported has carried the exposure onl; t 
the neighborhood of 4000 Mwd per metric ton = 
uranium, a long way from the economic opt- 
mum average burnup of around 20,000 Mwd pe: 
metric ton of uranium, or even the averz: 
value of 12,000 Mwd per metric ton of uramuz 
which is stated”? to be the target for the firs 
charge of an early commercial station. Effort 
is being directed toward the further develc;- 
ment of the AGR fuel element along such unes 
as thinner cladding material, basic studies r 
oxide fuels, and the development of plutoniuz 
enrichment for thermal-reactor fuel. At this 
time the preferred future concept for con- 
struction in Great Britain is not clear, althouct 
there have been some indications that the Mag- 
nox reactor has about reached the end of th 
line. Whether the AGR type plant will be bwit 
in large numbers as a second-generation gas- | 
cooled-reactor type is uncertain. The selectis 
of a preferred concept for the future will b 
based largely on economic considerations, bu 
Surely there will be a strong tendency towar: 
the gas-cooled type because of the large amour 
of experience accumulated and the advances 
expected of the very large integrated plants 
utilizing concrete pressure vessels. 

In France the directions of future develop- 
ment are clearer: the French like Magnox re- 
actors, and, after some apparent early uncer- 
tainty, they have committed their gas-codle 
program to the concrete pressure vessel, The 
are developing the integral plant concept wit: 
the EDF-4, and they will apparently adopt 1: 
other new concept in the very near future, X- 
though the performance of EL-4 will affect late: 
plans. In France, then, it appears that the Maz- 
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10x reactor can look forward to a relatively 
yright future. 
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VIII Gas-Cooled 


Power Reactor Technology 


The gas-cooled unclad-fuel reactors are char- 
acterized by high coolant temperatures and 
all-ceramic fuels. The two reactors of this 
type which are under construction, the Dragon 
experiment in England! and the Peach Bottom 
prototype in the United States,’ have not changed 
markedly since their designs were described 
in past issues of Power Reactor Technology. 
Dragon was described in the December 1962 
issue, 6(1): 74, and the Peach Bottom descrip- 
tion appeared in the June 1962 issue, 5(3): 61. 
The Dragon reactor? achieved initial criticality 
on Aug. 23, 1964, and initial operation of the 
Peach Bottom plant‘ is expected in 1965. 

The designation of Dragon as an “experi- 
ment” and of Peach Bottom as a “prototype” is 
explained by the difference in components pro- 
vided for the two plants. The Dragon installa- 
tion is not equipped with power-generating 
equipment —its heat is simply dumped to aheat 
sink — whereas the Peach Bottom plant is pro- 


Unclad-Fuel Reactors 


vided with the usual electric-power-generatin: 
components of a power plant. A comparison c: 
the characteristics of the two reactors is give: 
in Table VIII-1, which contains informatic: 
taken largely from Refs. 4 and 5. | 
As seen in Table VIII-1, the coolant outle: 
temperatures for two reactors are identical. 
From an overall point of view, this is perhaps ` 
the most significant comparison that can tt 
made between the two reactors since both us: 
the same coolant gas and both have the attain- | 
ment of high coolant temperature as a major 
design objective. | 
As indicated in Table VIII-1, the Dragon core 
will be loaded with two types of fuel elements. 
Since the core is quite small, its neutron leak- 
age is very high, and it does not, as a whole. 
represent a core typical of larger power re- 
actors. It uses a two-zone loading® to overcome 
this disadvantage -and generate information ap- 
plicable to larger cores. The seven center 


Table VIII-1 CHARACTERISTICS OF DRAGON AND PEACH BOTTOM 
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Plant characteristics Dragon Peach Bottom 
Reactor thermal power, Mw 20 115 
Net electric power, Mw None 40 
Coolant gas Helium Helium 
Pressure, psia 294 350 
Inlet temperature, °F 662 652 
Outlet temperature, °F 1382 1382 
Reactor core Vertical cylinder Vertical cylinder 
Height, ft 5.25 7.5 
Diameter, ft 3.5 9.1 
Average power density, kw/liter 14.0 8.3 
Fuel elements Seven-rod clusters Individual tubes 
Number 37 804 


Fuel material 


Cladding material 
Control elements 

Number 

Location 

Poison material 

Drive location 
Refueling 


Uranium in driver elements; 
unanium and thorium in 
test elements 


Uranium and thorium 


Graphite Graphite 
Rods Rods 

24 36 

Radial reflector Core 

B,C B,C 

Top Bottom 

At shutdown At shutdown 
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lements of the core will be representative of 
łaose which would be used in a large power re- 
L ctor and will be fueled with auranium-thorium 
xnixture. The remaining 30 elements, which 
Surround the seven center elements, will con- 
-<ain no thorium and will serve as driver ele- 
“ments that must be replaced at relatively 
-x equent intervals. By this means the center 
&lements can be irradiated for several years 
and will effectively “see” conditions that would 
koe typical of a large power-reactor core. 
Materials developments for the reactor type 
2m the United States and the United Kingdom 
hwaave proceeded along quite similar paths. 
CGSraphites with helium permeabilities as low as 
about 107° cm°/sec have been developed in both 
countries, and fuel-particle development has 
ween directed principally toward the design of 
coated particles.’* Particle-coating investiga- 
tions are concerned with single, double, and 
triple coatings utilizing pyrolytic carbon and 
silicon carbide. In addition to the work on 
pyrolytic carbon and silicon carbide, work con- 
tinues in both countries on the development of 
alumina and beryllia. 
The well-known advantages of helium as a 
reactor coolant are restated in the following 
quotation from Ref. 2: 


Helium gas is used us the HTGR system’s cool- 
ant because its chemical inertness and other prop- 
erties contribute to reliable, easily maintainable, 
high temperature plant operation. Helium does not 
react with or corrode any structural material; it 
does not react with steam, water or air. It does not 
undergo a change in phase at operating tempera- 
tures, nor does it solidify at ambient temperature. 
Helium does not parasitically absorb in the reactor 
core, and cannot affect the physics of the reactor; 
it does not become radioactive .... 


There are, however, disadvantages to the use 
of helium, and these center about the fact that 
it is a relatively high-priced gas. Thepressure 
of the system must be relatively high in order 
to achieve good heat transfer and heattransport 
with reasonable pumping powers. High pres- 
sure, unfortunately, tends to aggravate the 
leakage problem that exists with helium. Leak- 
age must be minimized because of cost con- 
siderations and, in reactors of the unclad-fuel 
type, because of the relatively high radioactivity 
of the primary coolant. Consequently, the ability 
to fabricate primary coolant systems with a 
very high standard of overall leaktightness has 
been of major importance in the Dragon and 
Peach Bottom plants. Recent tests of the Dragon 
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facility? have been very encouraging in this 
respect since the actual leakage rates en- 
countered were within the specified rate of 
0.1% per day of the gas contained in the circuit. 

Although technologies developed for Dragon 
and Peach Bottom have been extended to con- 
ceptual designs of large nuclear power plants, 
the actual directions of future development of 
plants of this type are not uniquely defined at 
this time. The developers of Peach Bottom 
consider a plant in which a fuel-element purge 
system is employed and fission-product re- 
lease is encouraged in order to obtain con- 
version ratios greater than unity.’ Actually, 
this is the approach that was usedby the Dragon 
designers’ in the early stages of the project — 
they envisaged a fuel element that emitted as 
many fission products as possible to the fission- 
product trapping system, thereby obtaining the 
maximum reactivity benefit through the re- 
moval of neutron poisons from the fuel. How- 
ever, further work showed that some of the 
more important fission products tended to re- 
main in the fuel, although enough did leave to 
require the use of a complicated purification 
system to limit primary coolant activity. Con- 
Sequently, the Dragon project does have the 
purge and purification system, but the hoped- 
for reactivity benefits from the removal of 
neutron poisons have not materialized. Recent 
studies, which must be regarded as preliminary, 
indicate that there could be some cost benefit 
associated with the development of a fuel ele- 
ment which could be directly cooled by the main 
helium stream and which would not be supplied 
with the elaborate purging and purification sys- 
tems currently employed in Dragon and Peach 
Bottom. 


The pebble-bed reactor! represents a dif- 
ferent version of the high-temperature gas- 
cooled concept. It also uses the fuel in com- 
pletely ceramic form—probably in balls 
containing UC,-ThC, particles coated with py- 
rolytic graphite, with a graphite shell surround- 
ing each ball— but no attempt is made to draw 
off fission products. The reactor is fueled 
more or less continuously during power opera- 
tion by adding balls to the top ofthe assemblage, 
which constitutes the active portion of the core, 
and draining off balls from the bottom. Of the 
balls removed, the most highly exposed and 
those which may be damaged are discarded, 
and the good balls of low exposure are recycled 
to the reactor. One of the developmental prob- 
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lems is to find a means of handling and sorting 
the balls. 

The concept is being developed primarily in 
Germany, and an experimental power station of 
15 Mw(e) (the AVR Reactor), built for a group 
of utility companies with financial support from 
the federal government, is reported to be near 
completion inthe Federal Republic of Germany.’ 
Development is also proceeding toward a large 
reactor of the type. 

It would appear that the development of the 
high-temperature gas-cooled reactor, utilizing 
unclad fuel, must depend heavily on the experi- 
mental information and the operating experience 
gained from the plants now under construction 
or startup. Until this experience has been 
gained, speculation as to the future development 
of these already sophisticated designs should 
be considered as just that. 
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IX Sodium-Cooled Reactors 


Power Reactor Technology 


Technology of Sodium 
Systems 


The two currently important types of sodium- 
cooled reactors are the sodium graphite reac- 
tor and the fast breeder. They differ markedly 
from each other in some characteristics, and, 
moreover, there has been increasing interest 
during the past two or three years in fast 
breeders using other coolants. Nevertheless, 
the technology of sodium cooling is important 
enough to both types to justify discussing them 
together and in terms of the developments in 
sodium systems. 

The Conference produced reviews of heat 
transfer’? and corrosion?‘ in liquid- metal sys- 
tems, by both U.S. and Russian authors, of 
value to the designer of sodium-cooled reac- 
tors. The heat-transfer papers, which include 
such practical considerations as burnout, and 
heat transfer in rod bundles, will be particu- 
larly useful. The discussion here, however, 
will be confined to those aspects of sodium 
technology which affect the direction of reac- 
tor development in more obvious, qualitative 
ways. 


Fission Products in Sodium 


One of the important areas of new informa- 
tion is in the behavior of fission products in 
sodium. Investigations by Atomics Interna- 
tional’’® have shown that liquid sodium will trap 
radioiodine quantitatively, and this character- 
istic is expected to be of considerable signifi- 
cance in determining siting criteriafor sodium- 
cooled reactors. The Dounreay Fast Reactor 
(DFR) has utilized vented fuel elements, of a 
uranium—20 at.% molybdenum alloy, which pur- 
posely allow the escape of fission products into 
the sodium coolant.’ Russian experience with 
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the BR-5 reactor® has given other information 
on the behavior of fission products in the pri- 
mary coolant system which is worthy of note. 
A brief summary follows. 

The BR-5 reactor, which was fueled with 
plutonium oxide elements in stainless-steel 
jackets, began operation in 1959 and reached 
the design value of fuel burnup (2%) the follow- 
ing year. After a burnup of 2.4% it was noted 
that the residual activity of the sodium, after 
the decay of “Na (half-life, 15 hr), began to 
increase with fuel exposure. Previously the 
reSidual activity had all been attributable to 
the small amount of “Na (half-life, 2.6 years) 
formed by the (7,2) reaction on “Na. Most of 
the new activity was due to '8’Cs. Table IX-1 
shows the growth of this activity, relative to 
the **Na activity, with fuel burnup, and this 
growth is plotted in Fig. IX-1 in terms of the 
total residual activity. During the period after 
the 131Cs became apparent, !33Xe was detected 
in the argon-gas blanket over the sodium. By 
the time the fuel burnup had reached 5%, alpha 
activity due to plutonium was found in the 
sodium (Table IX-1). 

After 5% burnup the reactor was shut down 
because of trouble with a circulation pump, and 
all the fuel was removed. Of the total of 81 fuel 
assemblies, 18 were found to contain fuel ele- 
ments showing gross leakage of fission prod- 
ucts. After decay of “Na the sodium was 
drained from the primary system, but the 
drainage caused no substantial reduction in the 
activity of the primary system, indicating that 
the fission products were deposited on pipe 
walls and other surfaces in the system. The 
primary system was decontaminated by first 
washing with steam and then with solutions of 
0.5% KMnQ,, 5% nitric acid plus 1% oxalic acid, 
and finally with distilled water. This treatment 
reduced the gamma background in the primary 
system cells from several thousand micro- 
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Table [IX-1 GROWTH OF !3iCs ACTIVITY IN BR-5 
PRIMARY COOLANT RELATIVE TO THAT OF Na 


Residual Residual 
activity activity Alpha activity 
Fuel induced induced (dis/min per 
burnup, by 22Na, by 3's, gram of Na), 
% % xi 
2.00 100 
3.20 80 20 
3.90 60 40 
4.55 30 70 
5.00 5 95 50 


roentgens per second to about 10 ur/sec. The 
major activities in the decontamination solu- 
tions were !31Cs, Zr, and Nb. The reactor 
was reloaded with 63 of the original plutonium 
oxide fuel assemblies (some of which apparently 
contained leaky elements) and 50 new assem- 
blies containing UO, elements. A bypass circuit 
was installed in the primary line which could 
be valved off at will to allow decay of “Na in 
the bypass line without interrupting operation 
of the reactor. A program of experiments on 


Relative Level of Residual Activity 





Fuel Burnup, % 


Fig. IX-1 Growth of the residual activity of the pri- 
mary circuit of BR-5.8 


the behavior of fission products produced the 
following results: 

1. With the reactor operating at 100 kw with 
a sodium outlet temperature of 350°C, 90% of 
the residual gamma activity in the coolant was 
due to '’Cs, 5% to 2Na, and the remainder to 
10Ba, Zr, Nb, and '“"La. The cesium activity 
level was 4 x 10° dis/min per gram of sodium. 
Draining of sodium from the bypass line de- 
creased the activity of the line by only 10 to 
20%. 
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2. Changes in sodium temperature in = 
primary circuit and in sodium flow rate throu: 
the bypass section did not produce a noticea. 
effect on the concentration of cesium on z 
inner walls of the circuit. 

3. Heating of the walls of the bypass Sect::: 
while the coolant was circulating, decreas: 
the concentration of !37Cs on the inner walls + 
several times. 

4. With the reactor shut down, after the is- 
cay of “Na, and with the oxide cold traps siz’ 
down, heating of the walls of the entire pr- 
mary circuit caused the "Cs concentration — 
the coolant to increase by several times. Afte: 
the cold traps were put into operation, tè: 
'37Cg concentration quickly diminished to th- 
initial level. In the steady state the cesius 
content of the coolant depends on the cold-tra: 
operating conditions; an increase of cold-tr2; 
temperature from 110 to 185°C caused th 
ICs activity in the coolant to increase by : 
factor of 3. 

5. Items of equipment, such aS pumps ar: 
level gauges, which had some parts submerge: 
in the coolant and some parts in the cover gas. 
were found to be contaminated by 131Cs in both 
regions. The contamination was a maximum r. 
the region of the interface between sodium ani 
cover gas. 

6. The argon cover gas was found to contain 
the following radioactive isotopes in addition t: 
tAr: l3xe, 128 xe, 15Xe, 1iCg 85Kr, BSRH and 
88Rb. The important contributors to the activity 
are '33Xe and ‘Xe, The major components of 
the activity from a Sampling during reactor 
operation at 1000 kw were as follows: 


133K @ 4.3 uC/em3 
135Xe 0.95 uC/cm5 
133" Xe 0.05 uC/cm? 
kr 0.017 uC/cm3 


The reference calls attention to the fact that 
no fission products with half-lives less thar 
2.5 hr were found in the cover gas, although the 
equipment was capable of detecting half-lives 
as short as 5 min. 


Sodium Handling and Cleanup 


The experience in the general handling, clean- 
up, and maintenance of quality of sodium has 
been much greater than the amount of reactor 
operation would indicate, and this phase of 
sodium technology appears now to be wel 
understood. This was not the case, however, 
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nen the DFR was first commissioned: con- 
derable trouble was experienced in the initial 
eanup of the system.*? References 5 and 9 
2>Sscribe the filling and cleanup of the systems 
yr the Hallam Nuclear Power Facility (HNPF), 
ie Experimental Breeder Reactor (EBR-II), 
nd the Enrico Fermi Fast Breeder Reactor 
EFF BR). The Russian experience in reloading 
he fuel elements of BR-5 after examination is 
forth noting.® The residual sodium and sodium 
xide were not removed from the fuel assem- 
ilies. The assemblies were reloaded, a few at 
1 time, into the reactor sodium system, and 
he oxide was cleaned up by the normal system 
zold traps. The cleanup of carbon from the 
sodium of the Sodium Reactor Experiment (SRE) 
after it had been contaminated by the inleakage 
of Tetralin, as described in Ref. 5, is also of 
interest. 


Despite the routine solution of sodium clean- 
up problems, it is still true that the protection 
of sodium systems from the intrusion of oxygen 
and other contaminants is a consideration of 
primary importance. The removal or replace- 
ment of components in sodium systems is 
always done with great care to preserve the 
cleanliness of the sodium system, and, even 
when the sodium is drained, care is taken to 
maintain the inert atmosphere of the cover gas 
throughout the system. Thus, when it was nec- 
essary to perform fairly extensive repairs to 
the hold-down mechanism of the EFFBR, these 
repairs were made by workmen who entered 
the drained reactor vessel through an air lock 
and worked in gastight suits. The scheme that 
has been used for removing a primary sodium 
pump from the EBR-II reactor, without con- 
taminating the cover gas, is illustrated in Fig. 
IX-2, A system similar in principle has been 
used on the EFFBR for the removal and re- 
placement of components. 


Manipulations Under Sodium 


Experience has continued to affirm that the 
manipulation of components under sodium — 
and particularly the handling of fuel elements 
‘in fast reactors, where rather high precision 
is required of the mechanisms —is one of the 
more difficult aspects of sodium technology. It 
has been pointed out frequently that the opacity 
of the sodium, and the resulting necessity of 
carrying out blind operations, adds considerably 
to this problem. Experience with the EFFBR’ 
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has shown that relatively minor malfunctions 
may lead to more Serious results because of 
the difficulty of detecting them. Thus the offset 
handling mechanism was bent in the course of 
the preoperational test program when an attempt 
was made to move it laterally with a partially 
raised dummy subassembly still in the gripper. 
Damage also occurred to the hold-down mecha- 
nism during this program and appears to have 
been increased by the continued use of the 
mechanism after initial slight (and undetected) 
damage caused by the sticking of a dummy sub- 
assembly to one of the fingers of the mecha- 





Movable Pist 
with 
Inflatable Seal: 


Primary Sodium Pump 
ond Shield Plug 


Cylindrical Caisson 


Adapter Section 


Sodium Level 


— Primary Tank 


Fig. IX-2 Apparatus used to remove the EBR-II so- 
dium pump.? The adapter section, which includes the 
gaslighl trap door,was installed, with a gaslight seal, 
around the shield plug of the pimp. The cylindrical 
steel caisson was sealed to the lop of the adapter, 
was purged and filled with argon. The shield plug, 
with the pump attached, was then lifted slowly by the 
crane, while the caisson tas kepl gastight by the 
movable piston and argon was admitted lo hold the 
pressure constant. Afler the pump cleared the trap 
door, the door was closed, resealing the reactor 
cover-gas systeit, and it was no longer necessary lo 
maintain the argon atmosphere in the caisson. The 
operation was carried oul with the reactor sodiuin 
temperature al 200°F, After the pump had been with- 
drawn and cooled lo roo temperature, it was trans - 
ported to the cleaning and repair area inside the 
CUiSSON. 
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nism. A “sweep arm” has been installed topre- 
vent the recurrence of the latter difficulty. 
This sweep arm can be swept in a horizontal 
arc to determine that no core component is 
attached to the hold-down mechanism before 
lateral motion of the mechanism is initiated. 


Preoperational tests of the fuel-handling 
equipment of EBR-II indicated the desirability 
of incorporating means of manual operation of 
the fuel-transfer arm to permit the operator 
to feel any interference that might be present.’ 
This was accomplished by a system of counter- 
weights to balance the weight of the rather 
heavy mechanism. 


Although problems have been encountered 
with the fast reactor fuel-handling systems, it 
appears that they are problems of arriving at 
Satisfactory designs for specific pieces of 
equipment rather than general feasibility prob- 
lems. Indeed, the experience with practice han- 
dling of the fuel in both EBR-II and the EF FBR 
indicates that fuel handling is satisfactory once 
the specific troubles have been corrected. The 
British experience with fuel-element handling 
in the DFR appears to have been good from the 
beginning. ' 


Components 


Outside of the reactor itself, the major 
components’? common to sodium-cooled power 
reactors are the pumps, the steam generators, 
and the intermediate sodium-to-sodium heat 
exchangers. The use of the latter, along with 
the second set of pumps and piping required for 
the intermediate sodium circuit, must be reck- 
oned as one of the economic handicaps of the 
sodium-cooled reactor. Apparently it will not 
soon be eliminated, for no recent design has 
appeared without the intermediate sodium sys- 
tem to isolate the radioactive primary sodium 
from the water in the steam generator. Tech- 
nically, no serious problems have been found 
in the design of the intermediate heat ex- 
changer, although the units built to date do not 
approach the capacities that will be required 
for plants of economic size and do not reach 
the temperatures that are ultimately hoped for. 
The three exchangers for the EFFBR plant. of 
143 Mw(t) capacity each, are the largest so far. 
They operate with primary inlet and outlet tem- 
peratures of 900 and 600°F, respectively, and 
secondary inlet and outlet temperatures of 520 
and 820°F, 
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The steam generators designed to date s: 


great variety of concept. The HNPF and EBF.. 


units are natural-circulation boilers that. 
double-wall tubes. In the former the sodiuc . 
on the tube side, whereas in the latter it is 


the shell side. The EFFBR unit iS a omx- 


through generator with the water in single-v__ 
tubes and sodium on the shell side. The th--. 
HNPF generators, each of which has a capa:: 
of 69 Mw(t) in the evaporator and 16 Mwit . 
the superheater to produce steam at 895 çs. 
and 875°F, are the only ones that have operat- 
at power. No difficulties have been experien:- 
other than the necessity of controlling the wat- 
level very precisely (within +1 in.) to z- 
satisfactory operation without excessive carr- 
over of water. The design, which utilizes r:- 
entrant tubes to circumvent thermal-expans:._. 
problems, has been described previously - 
Power Reactor Technology, 5(3): 44-47. 

The once-through design of the three EFFE: 
steam generators is shown in Fig. IX-3. Be- 
fore operation the tubes of one of these unm: 
were found to be cracked at the bends as. 
result of stress corrosion. The corrosion *:: 
attributed to residual cleaning solution conta::- 
ing sodium hydroxide and sodium nitrate. Dur: 
isothermal operation, after about two weeks `: 
test with maximum sodium flow, several tub:: 
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Fig. IXN-3 Diagram of the EFFBR steam genou 
[113 Mic] f° 
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ailed in another of the units. The resulting 
odium-water reaction generated enough hydro- 
en to break the rupture disk (see Fig. IX-3), 
vhich was set at 60 psi. All systems designed 
O accommodate such a reaction functioned 
satisfactorily, and the separator collected all 
he sodium expelled from the unit. This in- 
.dvertent demonstration of the ability to ac- 
-Ommodate a large sodium-water reaction is 
>Onsidered an important contribution to steam- 
renerator development.’” The tube failure was 
attributed to flow-induced vibration of the tubes 
»pposite the sodium inlets. Baffles and tube 
clips have been installed to correct the trouble. 

It is stated!’ in the description of the pro- 
posed BN-350 fast-breeder reactor in the USSR 
that the steam generator will be of the natural- 
circulation type, with a single separating wall 
between sodium andwater. The choice of single- 
wall construction is said to have been sub- 
stantiated by a number of experiments on wall 
ruptures, and sodium-water and sodium-steam 
interactions, in models of steam generators. 

In the studies of large advanced sodium 
graphite plants,’ there has evolved the concept 
of steam-generator systems made up of many 
low-capacity modules. Separate modules are 
proposed for the evaporator, superheater, and 
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reheater functions, each with a capacity of 12 
to 15 Mw(t). The superheat and reheat modules 
would be of stainless steel, and the evaporators 
would be of chrome-molybdenum steel. All 
modules are of vertical, once-through design, 
with single-wall tubes and with the sodium on 
the shell side. The problems of caustic and 
chloride stress corrosion are minimized by 
avoiding crevices and by the use of ferritic 
steels for the evaporator modules. The justifi- 
cation for the use of single-wall tubes is the 
choice of shell thickness adequate to contain 
full steam pressure for short periods of time, 
plus the provision of rupturable membranes, 
spaced axially along the shell length, to rupture 
below full steam pressure and direct any re- 
action products resulting from a tube break to 
a relief tank. The modular array is expected 
to allow the isolation and removal from service 
of any ‘unit that may give trouble, with a mini- 
mum effect on plant availability. 

The most definite development in sodium 
components seems to be the virtual abandon- 
ment of electromagnetic pumps in favor of 
mechanically driven centrifugal pumps. The 
characteristics of the pumps for HNPF, EBR-II, 
and EFFBR are listed in Table IX-2, and 
drawings of the primary pumps for the three 


Table IX-2 DESIGN CHARACTERISTICS OF SODIUM PUMPS FOR HNPF, EBR-II, AND EF FBR 


HNPF 


EBR-II EFFBR 





Primary system pumps 


Type 

No. of units 

Capacity, gal/min 
Dynamic head, ít 
Design temperature, °F 
Motor speed, rpm 
Motor power, hp 
Sealing arrangement 


Material 
Type of speed control 


Manufacturer 


Secondary system pumps 
Type 

No. of units 

Capacity, gal/min 
Dynamic head, ft 
Design temperature, °F 
Motor speed, rpm 


Motor power, hp 
Sealing arrangement 


Material 
Type of speed control 


Manufacturer 


Mechanical free surface 
3 
7200 

160 

1000 

900 

350 

Mechanical shaft seal 


304 S.S. 

Eddy-current 
coupling 

Byron- Jackson 


Mechanical free surface 
3 

7200 

170 

1000 

900 


350 

Mechanical shaft seal 

304 S.S. 

Eddy-current 
coupling 


Byron-Jackson 


Mechanica] free surface 

2 

5500 

200 

800 

1075 

350 

Totally enclosed drive 
motor 

304 S.S. 

Variable frequency 
and voltage 

Byron- Jackson 


A-c linear induction 

1 

6500 

142 

700 

1180 (motor-generator 
set) 

500 (motor-generator 
set) 

Total metal enclosure 

304 S.S. 

Variable voltage 
(motor-generator 
set) 

General Electric 


Mechanical free surface 
3 
11,800 

310 

1000 

900 

1060 

Mechanical shaft seal 


304 S.S. 

Wound rotor motor 
with liquid rheostat 

Byron-Jackson 


Mechanical free surface 
3 

13,000 

100 

1000 

900 


350 

Mechanical shaft seal 

2¥, Cr—1 Mo 

Eddy-current 
coupling 


Byron- Jackson 
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Fig. IX-4 Primary system sodium pumps for HNPF, EBR-II, and EFF BR.10 


reactors are shown in Fig. [X-4. The EFFBR 
pumps have been operated for more than 7000 
hr without difficulties. Some troubles with bind- 
ing have been experienced with both the HNPF 
and EBR-II pumps, and, in both cases, insuf- 
ficient clearances and misalignment (possibly 
due to uneven temperature distribution in the 
pump casing in HNPF and to warpage of the 
three-piece welded shaft in EBR-II) are judged 
to be at least partially responsible. The dif- 
ficulties are believed to be incidental rather 
than basic, and extrapolation of centrifugal 
pump designs to large sizes is considered 
feasible,'° 


Sodium Graphite 
Reactors 


Status and Operating Experience 


The development of the sodium graphite re- 
actor has centered around the SRE, a 20-Mwit) 


experimental plant, and the HNPF, a 75-Mwe | 
generating plant operated by the Consumer: 
Public Power District of Nebraska for th 
Atomic Energy Commission. The SRE begar- 
operation in 1957, and most of the nonroutic: | 
items of operating experience have been re- 
viewed in past issues of Power Reactor Teco 
nology. The major problems were those re- 
sulting from the leakage of Tetralin into th 
primary coolant system [Power Reactor Teci- 
nology, 3(2): 60-64 (March 1960); 5(1): 84-8 
(December 1961)| and the unexpected power 
coefficient of reactivity due to the bowing ci 
fuel elements [Power Reactor Technology, 6’ 
57-61 (December 1962)]. Both of these prob- 
lems were incidental rather than fundamenta: 
and have been corrected. The first core, ¿f 
unalloyed uranium metal, was run to a max- 
mum exposure of 1200 Mwd/ton, and the fue! 
exhibited volume changes of 8 to9%. Exposure: 
of about 5000 Mwd/ton have been attained with 
the second core, of metallic thorium-urantur: 
fuel, with little dimensional change. The SRE 
is now being modified to raise the power levi: 
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‘Om 20 to 30 Mw(t) and the sodium outlet tem- 
ərature from 950 to 1200°F; the new fuel 
ading will consist of uranium carbide ele- 
1ents designed to operate at central tempera- 
ires in the range from 1700 to 2000°F. 


The design of the HNPF was reviewed in 
‘ower Reactor Technology, 5(3): 39-51 (June 
962). The plant first attained the design power 
evel in July 1963. The fuel elements, of ura- 
ium — 10% molybdenum, have accumulated peak 
xposures of more than 1200 Mwd/ton. The 
nain problems encountered in operation were 
he following: 


1. Helium was entrained in the main sec- 
mndary sodium loops from the cover gas in a 
‘rank that was provided to accommodate sodium 
2xpansion and to provide a low-velocity free 
surface for degasification. The entrainment oc- 
curred because of the formation of a vortex at 
the exit of the tank. The trouble was corrected 
by bypassing over 90% of the sodium flow past 
the tank. This does not negate the effectiveness 
of the tank for its intended function. 


2. Leaks developed in one of the intermediate 
heat exchangers because of flow-induced vibra- 
tion of the peripheral tubes. The trouble was 
corrected by installing support shims in all 
of the six heat-exchanger units. 


3. Some of the Zircaloy-2 control-rod thim- 
bles failed because of hydriding and resulting 
embrittlement. The hydrogen apparently came 
from titanium hydride shields placed in the 
thimbles to counter neutron streaming. The 
trouble was corrected by replacing the Zir- 
caloy-2 thimbles with stainless-steel thimbles; 
the resulting reactivity loss was about 0.7%. 
A circulating-gas and hydrogen-removal sys- 
tem was also added to the control-rod-thimble 
gaS-purge system. 


The first of these difficulties, the entrain- 
ment of gas in the coolant, appears to bea 
potential problem to be aware of in the design 
of sodium systems. Both the DFR?’ and the 
BR-5 fast reactor® experienced troubles with 
cOver-gas entrainment in the coolant of the 
primary loop. 


Development of Uranium Carbide Fuel 


Although uranium carbide fuel’? may be at- 
tractive in other applications, its development 
has received the greatest impetus from the 
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sodium graphite reactor program, and fore- 
casts of future developments of the sodium 
graphite reactor are based on the use of the 
carbide fuel. The carbide is compatible with 
sodium and has the advantage, in comparison 
with uranium metal, of good stability under 
irradiation. Compared with uranium oxide, the 
carbide has the advantages of higher density 
(13.0 g/cm’) and much higher thermal con- 
ductivity [about 0.23 watt/(cm)(°C)]. The latter 
advantages are particularly important in the 
sodium graphite reactor, where it is better to 
use rather massive fuel elements in order to 
minimize neutron losses to cladding and cool- 
ant, without sacrificing the high heat fluxes 
that the cooling properties of sodium make 
possible. 


Ordinarily, uranium monocarbide (UC, 4.80 
wt.% carbon) is used, but acceptable perform- 
ance does not appear to depend upon the attain- 
ment of the exact stoichiometric composition. 
Most experience with the carbide elements has 
been accumulated with the slightly uranium- 
rich composition (hypostoichiometric) in arc- 
cast slugs with sodium-bonded stainless-steel 
jackets. The results of capsule irradiations are 
Summarized in Table IX-3. 


Reactor experience with full-size carbide 
elements began in June 1963 when two full- 
length elements were placed in the second core 
of the SRE. In September 1963, 10 full-size 
carbide elements began operation in the HNPF 
reactor. Experience to date with both groups of 
elements is described as entirely satisfactory.'” 
The second full-core loading for the HNPF 
reactor will consist of 171 carbide elements, 
essentially the same in design as the 10 ele- 
ments currently installed. The fuel-element 
design data for the HNPF carbide elements, and 
for two projected designs of large sodium 
graphite reactors (LSGR) are given in Table 
IX-4. The anticipated performance is believed 
to be compatible with test experience to date.” 
The design criteria that led to the data given 
in Table IX-4 are discussed in Ref. 5. 


Higher specific powers than those shown in 
Table IX-4 are thought to be possible — linear 
power ratings up to 50 kw/ft, corresponding to 
central temperatures of about 2400°F —but 
close control of the carbide composition to the 
stoichiometric value would probably be neces- 
Sary to yield high-burnup capability in this 
temperature range.” 
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Table [X-4 DESIGN DATA FOR CARBIDE FUEL ELEMENTS FOR SODIUM GRAPHITE REACTORS!? 





Cladding thickness, in. 


0.010 (0.25 mm) 


0.010 (0.25 mm) 


81-Mwé(e) 200- to 250-Mw (e) 1000-Mw(e) 
HNPF core I LSGR prototype LSGR 
(operating) (projected) (projected) 
Materials 
Fuel (all hypothetically UC) 4.4 to 4.8 wt.% C 4.5 to 4.8 wt.% C 4.6 to 4.8 wt.% C 
Cladding 304 S.S. 304 S.S. 304 S.S, 
Bond Sodium Sodium Sodium 
Enrichment, wt.% 23SU 3.7 and 4.9 3.8 3.6 
Element 
No. of rods 8 18 18 
U content, kg/element 146 124 124 
Peak specific power, kw/kg of U 18 52 72 
Fuel-slug diameter, in. 0.872 (2.22 cm) 0.500 (1.27 cm) 0.500 (1.27 cm) 
Active fuel length, ft 13 (3.96 m) 14 (4.26 m) 14 (4.26 m) 
Total fuel-rod length, ft 15 (4.57 m) 18 (5.49 m) 18 (5.49 m) 


0.010 (0.25 mm) 


Sodium annulus thickness, in. 


Design criteria 
Fission-gas release, % of total produced 3 
Maximum cladding strain, % 0.5 
Peak cladding temperature, °F 
Peak fuel temperature, °F 


Average burnup, Mwd/metric ton of U 15,000 
Maximum fuel-volume increase, % 17 
Fuel-diameter increase, % 7 


Maximum rod linear power, kw/ft 
Maximum heat flux, Btu/ (hr) (sq ft) 
Mixed mean temperature, coolant outlet, °F 945 (508°C) 


0.030 (0.76 mm) 


1005 (542°C) 
1600 (870°C) 


28 (920 watts/cm) 
207,000 (128 watts/cm?) 


0.025 (0.63 mm) 0.025 (0.63 mm) 


3 3 

0.5 0.5 

1250 (676°C) 

1750 (955°C) 2000 (1095°C) 
25,000 25,000 

17 17 

5.3 (average) 5.3 (average) 

24 (788 watts/cm) 35 (1150 watts/cm) 
549,000 (173 watts/cm?) 


1150 (620°C) 1150 (620°C) 





directions of Future Development 


Studies by Atomics International on large 
‘odium graphite reactors are the sources for 
)yrojections of the direction of development for 
he reactor type. With regard to performance, 
he main effort is in the direction of higher 
specific power (Table [X-4) and higher tempera- 
ure. Conversion ratios above about 0.5 are 
ot predicted for the reactor type. Reference 
) states that supercritical steam pgesSsures can 
ye justified economically for plants above 400 
Mw(e) capacity, whereas subcritical pressures, 
rom 1800 to 2400 psig, would be used for 
smaller plants. Table IX-5 shows projected 
conditions for reactors in the two size ranges. 
n either case the projection calls for an in- 
crease in the primary sodium outlet tempera- 
‘ure to 1150°F, from the 945°F used in HNPF. 


As mentioned above, the modified SRE is to 
operate with a sodium outlet temperature of 
1200°F. 


Perhaps the most annoying problem of the 
sodium graphite reactor is that of separating 
the sodium from the graphite moderator. In 
the SRE and HNPF, the approach is to can the 
moderator in sizable units in zirconium or 
steel cans. The advanced design studies for 
large reactors use a calandria design, with the 
sodium flowing through the calandria tubes. 
This approach is expected to permit higher 
sodium temperatures and higher power density 
while the parasitic loss of neutrons is being 
reduced. 

Standardization and modular construction are 


features of the advanced designs which are 
expected to reduce costs. A common height of 


Table [X-5 TYPICAL PROCESS CONDITIONS FOR SMALL 
AND LARGE FUTURE SODIUM GRAPHITE PLANTS? 





200 to 400 Mw (e) 400 to 1000 Mw (e) 





Steam conditions, psig/*F/°F 
(kg/cm?/°C/*C) 

Final feedwater temperature, °F (°C) 

Reactor sodium outlet temperature, °F (°C) 

Intermediate heat-exchanger log mean 
temperature difference, °F (°C) 

Reactor sodium inlet temperature, °F (°C) 

Net efficiency, % 


2400/1000/1000 3500/1000/1000 
(168.5/538/538) (246/538/538) 

473 (245) 512 (267) 

1150 (621) 1150 (621) 

75 (24) 90 (31) 

750 (400) 750 (400) 

41.8 43.6 





84 POWER REACTOR TECHNOLOGY 


14 ft is projected for reactors ranging in ca- 
pacity from 200 to 1000 Mw(e), and a fuel-slug 
diameter of |, in. is thought to be near the 
optimum. A basic loop of 250 Mw(e) capacity 
is considered to be a practical module for the 
primary coolant system. The modules for the 
steam generators are of much lower capacity, 
12 to 15 Mw(t), as described in the preceding 
general discussion of sodium-system compo- 
nents. 


Fast-Breeder Reactors 


There is general agreement that the fast 
breeder will be needed in the long term, al- 
though opinion varies as to how soon the need 
will be serious. Most of the countries with 
major nuclear power programs are pursuing 
development programs aimed at achieving large, 
economically competitive, fast-breeder power 
plants in the next 10 to 15 years. In England 
and France, where the current nuclear power 
generation is based on natural uranium, the 
intention is to start the fast breeders on 
plutonium from the thermal reactors; and, 
indeed, some of the incentive for fast-breeder 
development seems to be the desire to do 
something with the accumulating plutonium. In 
the United Kingdom, at least, the plutonium 
stocks are expected to become large several 
years before enough fast breeders are in com- 
mercial use to absorb them.’? In France the 
accumulation of plutonium is expected to be 
something over 4 tons by 1975. This amount is 
considered to correspond approximately to the 
supply for a first large breeder plant." 


In the United States and the USSR, where en- 
riched uranium is the fuel for practically all 
Single-purpose power reactors, no great em- 
phasis has been placed on coordinating the de- 
velopment of fast breeders with the growth of 
the plutonium stockpile. In the United States a 
considerable analytical effort is devoted to 
determining the dollar value of plutonium for 
thermal-reactor fuel, in addition to substantial 
development efforts aimed at utilizing the plu- 
tonium in the thermal-reactor application. In 
the USSR the economic potential of the fast 
breeder seems to be regarded more highly than 
elsewhere, and the forecasts appear to predict 
its economic superiority even when fissile iso- 
tope is not in short supply. 
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The more favorable Russian estimates c=. 
be due, in part, to the different approach us- 
in economic analyses. Instead of trying : 
evaluate a reactor type by fitting it into - 
existing complex of mining, transportatic: 
fabrication, processing, and power transm:- 
sion facilities, the Russians apparently try! 
evaluate the effort involved in setting up th: 
entire complex for the reactor type in questic:. 
This type of approach is also used in evaluatic: 
nuclear power vs. coal power. Apparently mu:. 
of the attractiveness of the fast breeder ster: 
from the expectation that doubling times mi 
be achieved which are short enough to provii- 
for the expansion of nuclear plant capaci: 
without requiring any large expansion of minix: 
operations or enrichment facilities, as indicate: 
by the quotation from Ref. 15: 


Most profitable and at the same time providiz 
for the most effective use of nuclear fuel is a de- 
velopment of nuclear power with the priority give: 
to fast 500 to 1000 MWe reactors with a mixed ur-- 
nium and plutonium fuel cycle and the increase ~. 
the proportion of plutonium breeder reactors. 

Such a trend would require small scale indus- 
tries for production and chemical reprocessing :: 
core fuel elements and moderate capacities ic. 
production and chemical reprocessing of blank: 
fuel elements as well as for reenrichment of tt- 
core fuel with the plutonium produced in the reac- 
tor, enriched fuel being required only to provi+ 
the initial load of every new reactor and one or twt 
of its refuelings. 

No constant expansion of uranium mining or en- 
richment industries will be required; nor pracu- 
cally will the power industry be dependent on these, 
because two or three sets of fuel cores are a sul- 
ficient ‘‘trigger pulse’ for further operation of re- 
actors that would be self sustaining and at the sar: 
time provide a certain plutonium excess for nea 
capacities at the rate of eight to ten per cent v 
annual power increase. This rate can be consic- 
erably increased through the use of fissionatle 
materials formerly intended for defense purposes. 
Such possibilities are opened up in the Statement 
made by N. S. Krushchev, Chairman, USSR Counci: 
of Ministers on the 21st April 1964. 


The relatively low estimate of investment in 
fuel-cycle installations for the fast breeder 
(includes mining, ore processing, and trans- 
portation investment, as well as investment for 
chemical processing and fuel fabrication) ıs 
indicated in Table IX-6, which summarizes 
some of the results of a Russian study of fu- 
ture nuclear power possibilities.'5 Surprising) 
enough, the unit investment in the power statioa 
itself is also estimated to be somewhat lower 
for the fast breeder than for the water-mod- 
erated reactor. 
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Table IX-6 ESTIMATES FOR THE FUTURE* OF REQUIRED UNIT INVESTMENTS AND 
POWER PRODUCTION COSTS FOR SEVERAL NUCLEAR PLANT TYPES IN THE USSR! 
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Gas-cooled 


Heavy-water 


Water-cooled 
graphite slightly 
enriched-uranium 
reactors with 


Water-cooled 
water-moderated Fast 


graphite natural- organic natural- steam superheating slightly enriched- sodium 
uranium reactors uranium reactors in the core uranium reactors reactors 
Mean unit investment, 
roubles/kw(e) 
Investments in nuclear 
power stations 179 (75%) 186 (80%) 114 (66%) 135 (66%) 127 (79%) 
Investments in fuel-cycle 
installations 60 (25%) 46 (20%) 59 (34%) 70 (34%) 34 (21%) 
Total investment 239 232 173 205 161 
Mean power production cost, 
kopeks/kw-hr 0.40 0.42 0.43 0.48 0.33 


*These estimates are from a study covering the period up to 1980. They are based on plants in the 500- to 1000- 


Mw (e) range. 


Problem of the Lorge Reactor 


Although there has been considerable de- 
velopment in fast breeders since the 1958 
Geneva Conference, the significance of an im- 
portant part of the development has been more 
in the revealing of basic difficulties than in the 
solution of them. Specifically, the developments 
in fast reactor physics and safety analysis, and 
their application in large-reactor design studies, 
have shown that there is a fundamental problem 
in extending the design of sodium-cooled fast 
breeders from small units to large ones: the 
problem of preserving an inherently negative 
power coefficient of reactivity under all credible 
circumstances. 


In small fast reactors it was clear that, 
once the fear of a substantial positive Doppler 
coefficient of reactivity due to the fission 
resonances was allayed, the power coefficient 
of reactivity could always be made inherently 
negative, at least so long as the mechanical 
structure of the core remained intact. The ma- 
jor components of the power coefficient were 
due to: the linear expansion of fuel elements, 
which increases neutron leakage by reducing 
the average density of fuel in the core; the 
Doppler coefficient, either very small (if there 
was little fertile isotope in the core) or nega- 
tive; and the reduction of sodium density by 
thermal expansion or boiling. The latter was a 
negative component because its major effect 
was to increase neutron leakage, and this effect 
was considerably larger than other, positive 
effects, such as the effect of neutron absorption 
by sodium. Experience with EBR-I had, of 
course, shown that the thermal bowing of fuel 


rods could lead to positive contributions [see 
Power Reactor Technology, 5(2): 24-29], but with 
suitable mechanical design this possibility could 
be eliminated. The designer could count on a 
negative power coefficient that, if large and 
fast acting, could be a substantial help in 
countering the effects of accidental power ex- 
cursions or, if small or slow, would at least 
not compound the effect of such an excursion. 

As much larger reactors were investigated, 
with relatively high ratios of fertile-to-fissile 
isotope in the core, it became clear that it was 
very difficult, if not impossible, to preserve 
the negative character of the sodium-voiding 
component of the power coefficient. Also, this 
component could be so large as to override all 
negative components and increase the reactivity 
by the order of dollars in some cases of sub- 
stantial sodium loss from the core. This is 
partly because the neutron-leakage effect be- 
comes smaller as the core size is increased. 
However, in the relatively “soft” neutron- 
energy spectrum that exists in the large dilute 
core, the “hardening” of the spectrum due to a 
decrease in moderation by sodium also results 
in a reactivity increase. The reactor physics 
aspects of the sodium coefficient and other re- 
activity coefficients were discussed at length in 
Power Reactor Technology, 1(2). 

Once it is clear that a real threat of a net 
positive coefficient exists, the problems of 
evaluating it and its significance become very 
complex. It soon becomes evident, for example, 
that the overall sodium-void coefficient for the 
core is not the only consideration. The designer 
and the safety analyst must consider the local 
value of the coefficient_at the point in the\core 
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where boiling would start first in the event of a 
power excursion or a cooling interruption. 
Usually the coefficient is found to be more 
highly positive in these higher power regions 
of the core. The process of optimizing the 
power coefficient through the proper adjustment 
of design variables is a complex one because 
all components of the coefficient respond to 
changes in these variables, and the designer is 
apt to find, for example, that a design change 
which reduces the positive nature of the sodium- 
void coefficient will also reduce the magnitude 
of the desirable, negative Doppler coefficient. 
Finally, the evaluation of the coefficients by 
neutron physics analysis is a very complex 
problem that still involves large uncertainties. 

Although fast reactor theory is, in many 
respects, the most sophisticated branch of 
neutron physics, its inadequacies become ap- 
parent when it is applied to the evaluation of 
complex reactivity coefficients. These inade- 
quacies are not due to any deficiencies of funda- 
mental understanding but to the sheer range 
and detail of data that must be handled (and 
must be available from experimental measure- 
ment). It is still possible that further develop- 
ments in neutron physics may ease the problem 
of the power coefficient. For example, the 
French results summarized in Table I[X-7 
indicate that calculations which take into ac- 
count the self-shielding of resonances predict 
a much more favorable sodium-void coefficient. 

It should be made clear that the reactivity- 
coefficient problem does not appear to be a 
problem of normal reactor operation, but one 
that affects the prognosis for the course of a 
hypothetical accident. The seriousness with 
which the problem is viewed varies widely from 
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group to group and from country to coumntr- 
and reactions vary from a rather casual rec- 
ognition of the problem to the initiation 
searches for alternate fast reactor coolants. 

In the United States there does not appear = 
be any widespread inclination to doubt sodzur 
as the optimum coolant for fast breeders, bo 


the problem of the sodium coefficient of re- 


activity is taken quite seriously. It appear: 
unlikely that any easy solution of general a;- 
plicability will be found. However, individuz 
solutions for specific designs will be foun: 
through detailed and exhaustive safety analyses. 
This implies that fast reactor physics, safet. 
experiments, and methods of safety analysis 
will continue to get much attention in the Unite: 
States and probably abroad. The current em- 
phasis on these fields is attested by the papers 
at the Conference, listed as Refs. 16 to 25. The 
papers are too detailed for review here, but 
they contain much pertinent and useful infor- 
mation. 


Fast Reactor Fuels 


Although most of the general considerations 
involved in the selection and development of 
fuels for thermal reactors apply also to fast 
breeders, their relative importance is different. 
In addition, in fast reactors the effects of the 
fuel on reactivity coefficients and on reactor 
behavior in hypothetical accidents must be con- 
sidered carefully. 

Even the largest fast breeders must use fuel 
of relatively high enrichment. For a given 
method of fuel processing, high enrichment 
leads to high processing costs (per unit of fuel 
comprising fissile-plus-fertile isotope) because 


Table IX-7 INFLUENCE OF RESONANCE SELF-SHIELDING ON 
SODIUM- VOID COEFFICIENT AND BREEDING RATIO 


(Spherical, 2886- Liter Core with Oxide Fuel; Fuel Volume Is 35% of Core Volume; 
Fissile Isotope Is **Pu; and Fertile Isotope Is 238U) 





Sodium-void coefficient,* 





-5 ° Internal Total 
10” (ók/k)/°C breeding breeding 
238 /239pu Diffusion Absorption Degradation Total ratio ratio 
Without self- 
shielding 6.25 — 0.736 + 0.072 + 1.361 + 0.697 0.916 1.455 
With self- 
shielding 6.86 — 0.775 + 0.080 + 0.597 — 0.098 0.874 1.408 


*The calculation breaks the sodium-void coefficient down to the components of neutron diffusion Qeak- 
age), absorption by sodium, and the effect of sodium in degrading the neutron-energy spectrum. The cal- 
culations show a big reduction in the latter (positive) effect when resonance self-shielding is taken into 
account. The sodium-void coefficient is expressed in terms of a sodium-temperature coefficient, via the 


volumetric coefficient of expansion of sodium. 


| 
| 


| 
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the criticality problems and the high cost of 
el losses. Moreover, the high enrichment 
2cessitates high specific power if fuel-inven- 
xy costs are to be kept within reasonable 
Sunds. This in turn requires a highly sub- 
ivided fuel structure that usually involves high 
abrication costs. Further increases in pro- 
es sing and fabrication costs (relative to ther- 
aal reactors) tend to result from the necessity 
>r recycling plutonium (or ?°3U) and possibly 
rom the necessity of processing blanket fuel 
S well as core fuel. The attainment of low fuel 
‘Ost in the fast reactor therefore appears to 
-equire either that inherently cheaper methods 
>£ processing and fabrication be found, relative 
© those used for thermal-reactor fuel, or that 
he exposure lifetime of the fuel be increased 
yreatly beyond that which is acceptable for 
thermal reactors. The relative insensitivity of 
the neutron economy of the fast reactor to the 
presence of some materials that would absorb 
neutrons strongly in a thermal reactor assists 
in both these directions. It permits the use of 
fuel jackets that are rather thick relative to the 
fuel element. It also makes the neutron econ- 
Omy rather insensitive to the fission-product 
burden of the reactor, so that long exposures 
do not degrade the neutron-physics perfor- 
mance importantly; and it removes the neutron- 
physics requirement for complete fission- 
product removal during processing. 


It appears to be the result of cost studies that 
if oxide fuel elements are used in fast breeders, 
the attainment of acceptable fuel costs requires 
average fuel exposures of about 100,000 Mwd/ 
ton. Documentation of the conclusion is not 
easy to find, but it is implied by the frequent 
use of this exposure in economic studies of fast 
breeders. Processing and fabrication estimates 
for oxide elements should be more reliable than 
estimates for other types, because of the more 
extensive experience with oxide in the United 
States. Irradiation tests have indicated that ex- 
posure lifetimes of 100,000 Mwd/ton are indeed 
possible for mixed uranium-plutonium oxide 
elements of types acceptable for fast breeders. ”° 
Consequently it is tempting to conclude that 
oxide fuel elements are essentially proved as 
practical elements for the fast breeder. Cer- 
tainly it appears that the oxide, although it may 
not ultimately prove to be best, offers the most 
straightforward approach to a feasible fast- 
breeder fuel element. But more extensive ir- 

radiation experience is required, and the gap in 
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experience, between processing and fabrication 
of uranium oxide elements for thermal reac- 
tors and comparable experience with the ura- 
nium-plutonium oxide elements for fast breed- 
ers, must not be overlooked. 

Design characteristics of fuel rods proposed 
for the Fast Ceramic Reactor (Table IX-8) are 


Table IX-8 PROPOSED DESIGN CHARACTERISTICS OF 
FUEL ELEMENTS FOR THE FAST CERAMIC REACTOR” 


Form of element Rod 

Fuel composition 80 wt.% UO,—20 wt.% Pud,, 
solid solution 

0.220-in.-diameter pellets, 
pressed and sintered 


Form of fuel 


Fuel density, % of 95 
theoretical density 
Jacket AISI 347 S.S. tubing 
Jacket outside diameter, in. 0.250 
Jacket thickness, in. 0.015 
Fuel length, ft 2 to 4, depending on reac- 
tor design 


considered typical for oxide elements.” Pre- 
liminary estimates of the fabrication cost, for 
a production rate corresponding to 3000 Mw(e) 
of generating capacity, yield $211 per kilogram 
of uranium and plutonium in the core. This 
corresponds to a fuel-fabrication contribution 
to the power cost of 0.29 mill/kw-hr for an 
average exposure level of 100,000 Mwd/ton. 

British work on the irradiation of oxide fuels 
is summarized in Ref. 27. It calls attention to 
erratic behavior with respect to fission-gas 
release, and another British paper” cites oxide 
fuel-element designs for fast reactors in which 
plenum volumes are left in the element, for the 
accommodation of fission gases, of volume equal 
approximately to the volume of fuel. 

With respect to reactivity coefficients, the 
Doppler component of the power coefficient is 
usually strongly negative in oxide fuels con- 
taining high proportions of fissile isotopes. 
This characteristic, which results from the 
strong dependence of the average fuel tempera- 
ture on the power level, is of course desirable. 
It is usually assumed that no important nega- 
tive component of the power coefficient due to 
axial expansion of the fuel can be counted on in 
oxide cores because of the uncertainty as to 
how an element composed of cracked oxide will 
expand thermally. The Britishirradiations have 
shown much less cracking of PuO,-UO, samples 
than of pure UO, samples.” However, it is 
questionable whether this difference will, be 
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significant from the point of view oí the thermal- 
expansion behavior of the fuel element. 


Metallic fuel elements have been used in the 
fast reactors EBR-I, EBR-I, EF FBR, and DFR. 
They have many attractive features for the 
fast-breeder application, but it seems question- 
able whether satisfactory resistance to radia- 
tion damage can be achieved, at least with 
plutonium-uranium elements. 

In the United States the use of metal fuel has 
been coupled with the concept of pyrometallurgi- 
cal processing of the fuel, and the EBR-II plant 
includes facilities for such processing and on- 
site remote fabrication by casting techniques. 
Although there are still large uncertainties in 
the costs of these processes for a large-scale 
plant—as indeed there are also uncertainties 
in the costs of processing and fabrication of 
oxide fuels for the fast breeder—the current 
U. S. paper on fast-breeder fuel economics”? 
does not forecast substantial cost advantages 
for them. Consequently it appears that the ex- 
posure goals for the metal fuels must lie at 
least as high as 40,000 to 60,000 Mwd/ton, or, 
roughly, 4 to 6 at% burnup. 

The uranium-fissium* alloys show at least 
some encouraging performance under irradia- 
tion: at 600°C, for example, uranium—5 wt.% 
fissium alloy shows a swelling rate of about 
8% volume increase per atomic percent burn- 
up.3 However, uranium-plutonium-iron alloys 
swell badly even at relatively low temperatures. 
The alloy uranium—20 wt.% plutonium—10 wt.% 
fissium, for example, increases about 20% in 
volume per atomic percent burnup at an ir- 
radiation temperature of 400°C (Ref. 30). It 
has been found possible, however, to restrain 
the swelling by the use of sufficiently strong 
jackets on the metallic fuel. Once the fuel 
swells to the point that it begins to press 
against the jacket, the internal pressure gen- 
erated within the fuel by fission gases must be 
resisted, essentially by the strength of the 
jacket alone. The exposure lifetime then de- 
pends on the tensile strength of the jacket ma- 
terial, the diameter and thickness of the jacket, 
and the fractional void volume built into the 
element as an allowance for radial swelling. In 


*The term ‘‘fissium’’ is used to designate the mix- 
ture of fission products, comprising molybdenum, 
ruthenium, technetium, palladium, zirconium, rho- 
dium, and niobium, left in the exposed fuel after pyro- 
metallurgical processing. 
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its simplest form such an element is c: 
ceived as a rod of the fuel material insc: 
tube of the cladding material, with a sodiu- 
filled annular space (initially) between fuel: | 
jacket. Figure IX-5 shows the calculated effe:: 
of cladding-wall thickness and radial cleara: - 
(given in terms of the inner diameter of: 
jacket for a constant fuel diameter) on = 
achievable burnup for uranium-plutonium-1r: 
elements. 
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Fig. IX-5 Calculated effect of cladding thickness c: 
internal diameter on the achievable burnup in 3.-°- 
mm diameter uranium-plutonium-fisstum alloy roc: 
under EBR-II temperature conditions. A maxim: 
allowable cladding stress of 30 kg/mm? was as- 
sumed.39 


Thorium-rich thorium-uranium alloys shot 
relatively good resistance to radiation-induceš 
swelling, even at temperatures up to 750°C. 
Although irradiation results are not available 
at high temperatures for thorium-plutonium 
alloys, the few results that have been obtaine 
at 450°C are promising.*° 

Although stainless steel was used as the fuel- 
jacket material in EBR-I, it has the undesirable 
property of forming a eutectic alloy with ura- 
nium, of relatively low melting point. As jacket 
materials for uranium metal, the nickel-bas¢ 
alloys have the same drawback. Of the re- 
fractory metals that do not present this prob- 
lem, only vanadium appears completely satis- 
factory as an alloy base with respect t 
corrosion resistance and nuclear properties.” 
Currently, an alloy of vanadium — 20% titanium 
appears very promising. Its fabrication int. 
high-quality thin-walled tubing is difficult, hov- 
ever. 

In the DFR, metallic fuel elements have beer 
used in a number of design variations, bu! 
basically the elements consist of annuli vi 
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ranium ally with strong inner and outer 
tickets of niobium, originally designed to re- 
train swelling. The outer diameter of the an- 
ular element is approximately 0.75 in. The 
1icknesses of the fuel annuli have been varied 
uring the development of the elements. The 
lements currently in the reactor use uranium — 
O at.% molybdenum as the fuel alloy, with 
nnuli 0.10 in. thick for the central region of 
he reactor core and 0.13 in. thick for the 
veripheral core regions. The elements are 
‘ented to allow those fission gases which may 
»e released by the fuel to escape to the coolant. 
rradiation tests have shown that the tempera- 
ure of this fuel should be limited to 650°C if 
rapid swelling is to be avoided. Furthermore, 
it has been found that there is a lower tem- 
erature range, from 480 to 580°C, where 
rapid swelling of uranium-molybdenum alloys 
can occur during irradiation because of a 
transformation of the metastable gamma phase 
to alpha-plus-delta phases. If the fission den- 
sity is high enough, however®®*! [above 8 x 
1013 fissions/(cm*)(sec)], the formation is sup- 
pressed and irradiation stability does not suffer. 
One of the design goals therefore was to hold 
the fuel temperature below 480°C so long as 
the fission density is below 8 x 10! fissions/ 
(cmš)(sec). The DFR experience has shown that 
these elements will operate satisfactorily up 
to a burnup of 1.2%, the maximum yet ex- 
perienced, and probably considerably higher. 
These results are for a peak specific power of 
205 watts/g. The niobium jacket material has 
shown some incompatibility with the sodium 
coolant. It has absorbed hydrogen from the 
coolant with resulting severe embrittlement 
when the jacket temperature is reduced to a 
low value. There is, however, a brittle-ductile 
transformation at 150 to 200°C, and therefore 
the properties are not impaired at operating 
conditions.°! There is some corrosion of the 
niobium which is attributed to oxygen. The 
Oxygen level in the DFR coolant has been about 
10 ppm. A jacket temperature limit of 480°C 
is currently imposed on the elements to avoid 
this corrosion. 


If metallic fuel bodies could be counted on to 
retain their structural integrity, they would 
offer the favorable property of a substantial 
negative component of the power coefficient of 
reactivity due to axial thermal expansion. Al- 
though this is probably the case early in fuel 
lifetime, it is questionable whether the property 
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is retained after long exposure. ln particular, 
if the jacket is relied upon to restrain fuel 
swelling, it seems improbable that the fuel 
would expand axially in proportion to its tem- 
perature and its normal temperature coeffi- 
cient of expansion. Rather, it might be ex- 
pected that the axial expansion would be governed 
by the jacket temperature, which is relatively 
insensitive to changes in power level. Com- 
pared to the ceramic fuels, the metallic fuels 
are unlikely to provide a large reactivity sink 
due to the Doppler effect before the fuel tem- 
perature rises to the point of fuel-element 
failure. This is particularly the case if the 
jacket material can form a low-melting eutectic 
alloy with the fuel. 

The carbide fuels have been discussed briefly 
in the preceding paragraphs, primarily in con- 
nection with sodium-cooled thermal reactors. 
When these fuels are considered for fast reac- 
tors, interest is concentrated on the mixed 
uranium-plutonium carbides and on perform- 
ance at very high levels of burnup. To date the 
irradiation results on uranium-plutonium car- 
bides appear to be relatively few and to be 
limited to exposure levels of 30,000 Mwd/ton 
or lower.!?:?8 However, the results have been 
encouraging and suggest that, at any given 
temperature, the rate of fission-gas release 
from carbide fuel is similar to or less than 
that from oxide.” If the temperature limits of 
the carbide are indeed comparable to those of 
the oxide, the carbide should allow the use of 
much more massive fuel-element designs, be- 
cause of the high thermal conductivity of the 
carbide. | 

It; appears that, for the fast reactor applica- 
tion, there may be considerably more emphasis 
on attaining the nominally stoichiometric com- 
position of the monocarbides. It is pointed out 
in Ref. 28 that a more appropriate description 
of the desired composition is that of a single- 
phase alloy, since there may be small quanti- 
ties of oxygen and nitrogen present as well as 
carbon. The desired composition is one in 
which the sum of the concentrations of oxygen, 
nitrogen, and carbon is close to 50 at.%. The 
hypostoichiometric (uranium - rich) composi- 
tions are to be avoided because it is believed 
that the accumulation of fission gas in any free 
metal that may be present will determine the 
swelling rate of the fuel body. The hyper- 
stoichiometric compositions show poor com- 
patibility with the common, jacket materials 
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because of the transfer of carbon from the fuel 
body to the jacket. 

The good conductivity of the carbide makes it 
worthwhile to consider elimination of the ther- 
mal resistance of the fuel-jacket gap through 
the use of some kind of thermal bonding. 
Sodium bonding may be used, but it accentuates 
the transfer of carbon from hyperstoichio- 
metric carbides to the jacket. In the United 
Kingdom some development is being carried 
out on the metallurgical bonding of carbide fuel 
to the jacket. There has been some success 
with copper- and nickel-based brazing alloys 
as the bonding material between uranium car- 
bide and steel jackets, but there is some prob- 
lem of cracking of the carbide under thermal 
cycling in the bonded elements. 

Another approach to the fast reactor fuel 
problem is through the use of cermets. These 
are dispersions of fuel materials (fissile or 
fissile plus fertile) in ceramic form in a 
metallic matrix. The ceramic is usually the 
oxide of the fuel material. The basic concept 
is to take advantage of the irradiation stability 
of the ceramic while approximating the ther- 
mal conductivity and mechanical properties of 
a metal. It is desirable that the size of the 
ceramic particles in the dispersion be suf- 
ficiently large that only a small fraction of the 
fission gas can escape from the particles by 
fission recoil. 

One of the main disadvantages of the cermets 
is that the ceramic component cannot usually 
be made to constitute the major fraction of the 
total material. Therefore, if both the fissile 
and fertile components of the fuel mixture are 
incorporated in the ceramic form, the amount 
of fertile material that can be incorporated is 
severely limited. This means that the internal 
breeding ratio of the reactor will be low, that 
the reactor will tend to lose reactivity rapidly 
with burnup, and that this reactivity loss must 
be taken care of either by strong control ele- 
ments or by frequent partial refueling. The 
possibility of avoiding this difficulty by using 
the fertile element as the metal matrix and 
incorporating only the fissile element in the 
ceramic form is referred to in Ref. 26. This 
appears to be an attractive possibility from the 
point of view of nuclear performance, but 
restriction of the choice of the metal matrix 
to uranium, and possibly thorium, is a severe 
metallurgical limitation. Apparently there has 
been no extensive work on this concept. 
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The British have under way a program 
cermet fuels*? which is directed primar 
toward the development of a fast reactor e!-- 
ment and which has concentrated on the use ` 
oxides in a steel matrix. The fissile and fert:: 
materials are mixed in the oxide form, and t 
problem of achieving an acceptably high fert:.- 
content is attacked simply by attempting to u:- 
the highest possible oxide content in the cerme’. 
The practical limit of oxide content appears * 
be about 50 vol.%. 

The British experience has shown that, a- 
though the cermets can be formed by pressi- 
and sintering the metal-oxide mixture, tt- 
densities attainable by this process alone sr: 
no higher than about 85% theoretical and th:' 
mechanical working is necessary to atta- 
higher densities. Both hot rolling and hot swaz- 
ing have been used for densification. Pin tyr: 
elements are produced by mixing the oxide ar: 
steel particles, cold pressing into pellets az: 
sintering at 1100 to 1300°C, sealing the pellet: 
into a steel tube, and swaging at a temperature 
between 1000 and 1300°C (Ref. 32). Concep- 
tually the objective in fabrication of the cermet 
is to produce an assemblage of oxide granules. 
each surrounded by a small, steel pressure 
vessel, and the whole bonded together as a 
structure. It is fairly obvious that this objec- 
tive will be promoted if the oxide granules are 
Spherical in shape, and the process does in- 
clude the use of such granules. The spherical 
particles are produced by first pressing the 
oxide into green compacts about 1 cm in 
diameter with aluminum sterate binder. The 
green pellets are broken down to granules and 
sized, and the granules are spheroidized by 
abrasion in a gyrating dish coated with silicon 
carbide powder. The spherical particles are 
sintered at a peak temperature of 1600°C in an 
atmosphere of cracked ammonia. A further 
improvement in the cermet has been made by 
coating the sintered oxide spheroids with an 
organic binder that makes them sufficiently 
sticky to cause a layer of stainless-steel 
powder to adhere to each particle before the 
cermet is pressed. The material preferred for 
the metal matrix is type 316L (low carbon! 
Stainless steel. 

Plate type dispersion elements have been 
made by processes analogous to those used for 
the pins but with hot rolling substituted for the 
Swaging process. Cermets have been made with 
both uranium oxide and plutonium-uranium oxide 
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1ixtures and have been irradiation tested. The 
esults with the plutonium fuels have not been 
S good as those with uranium, but the irradia- 
On program has necessarily lagged behind the 
abrication development, and the latest im- 
rovements have not yet been thoroughly tested. 
tesults®” to date suggest that the fabrication 
echnology is capable of producing cermet 
lates and pins with 30 to 50 vol.% ceramic that 
vill achieve a burnup of at least 10% heavy 
toms without failure when the surface tem- 
erature is about 625°C. 


current Status and Future Directions 


The fast reactors currently in operation or 
definitely planned are listed in Table IX-9. 
Since the Second Geneva Conference, reactors 
that have contributed new operating experience 
at substantial power levels are the British 
DFR’ and the Russian BR-5.° In the United 
States the EBR-I continued in operation, and its 
latter-day operation was directed primarily to 
the rather specialized, but necessary, investi- 
gation of dynamic characteristics. These EBR-I 
results have been covered rather thoroughly in 
Power Reactor Technology in the past. 


The escalation of power of the DFR to the 
design value of 60 Mw(t) was a long, trouble- 
some process, which covered the time period 
from early 1960 to July 1963. It yielded, how- 
ever, much useful information on sodium tech- 
nology and metallic fuels.’ The early prob- 
lems had mainly to do with the entrainment of 
gas in the coolant and with the removalof gross 
impurities from the primary coolant system. 
The latter problem was finally solved by the 
use of hot-dumping operations in addition to 
the more uSual cold-trapping processes. A 
“hot dump” consisted of heating the primary 
coolant to 250 to 300°C, transferring it to the 
dump tanks, cooling it to 80°C, and then re- 
turning it to the primary system through a 
filter. Twelve of these dump Sequences were 
used after the fuel had been removed from the 
reactor. 


A more fundamental obstacle to power escala- 
tion was the fuel performance, and full power 
was attained only after the original fuel ele- 
ments had been replaced by redesigned ele- 
ments. The original concept for the annular 
elements had been to accept a fuel alloy of 
relatively poor swelling resistance, to restrain 
the radial swelling by the walls of the element, 
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and to accommodate the volumetric swelling by 
allowing the fuel material to extrude axially 
within the confines of the element walls. Early 
experience showed, however, that the axial 
extrusion was opposed by frictional forces 
great enough to exceed the creep strength of 
the jacket. Redesign of the element involvedthe 
substitution of a fuel alloy of higher swelling 
resistance (uranium—20 at.% molybdenum), re- 
duction of the thickness of the fuel annulus to 
limit the maximum alloy temperature to 650°C, 
and the provision of a larger fuel-jacket clear- 
ance to allow for more radial swelling. The 
limit on the alloy temperature and a 480°C 
limit imposed on the jacket temperature to 
avoid corrosion have prevented attainment of 
the design value of coolant outlet temperature. 
It is suspected that the corrosion of the nio- 
bium jacket is accelerated by some impurity in 
the coolant, possibly carbon, which may be 
eliminated with time. 

Although a number of problems had to be 
overcome to attain full power, all of them were 
recognized long before they resulted in operat- 
ing difficulties, and operation has been smooth 
and without untoward incident within the rec- 
ognized limits of the plant. The reactor is 
continuing operation and is being used ex- 
tensively for the irradiation of improved fuel 
elements. 

The BR-5 reactor, although much smaller 
than the DFR, has given valuable results on the 
behavior of plutonium oxide fuel elements, as 
well as information (discussed earlier) on the 
behavior of fission products in sodium systems. 

The steel-jacketed, oxide fuel elements of 
BR-5 are described in Table [X-10. The reac- 
tor core operates at an average power density 
of about 300 kw/liter. The initial fuel loading 
of plutonium oxide elements operated to an 
average burnup of 2.4% of the plutonium be- 
fore any evidence of fission-product leakage 
was detected. Thereafter the reactor operation 
was continued, with increasing evidence of fis- 
sion products in the primary coolant and finally 
with plutonium alpha activity in the coolant, but 
without operating difficulty, to a maximum 
burnup of 5% (see Table IX-1). During this 
period the primary coolant outlet temperature 
had been raised from the initial 400 to 450°C 
level to 500°C. Thereafter the fuel assemblies 
containing gross failures were replaced by new 
assemblies of UO,, and operation was continued 
at lower temperatures (outlet temperatures of 
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Table IX-10 CHARACTERISTICS% OF FUEL ELEMENTS 
AND ASSEMBLIES IN THE FIRST LOADING OF BR-5 


Fuel element 
Type Rod 
Fuel Sintered plutonium 
oxide pellets 
Stainless steel, 
type IX18H9T 
Jacket outside diameter/ 5/0.4 
thickness, mm 


Jacket material 


Fueled length, mm 280 
Therma! expansion space 2 to 3 
(at top of fueled section), 
mm high 
Fiiling gas Helium at atmospheric 
pressure 
Fuel assembly 
Type Hexahedral stainless-steel 
tube 


Dimensions, mm 26, between parallel sides, 
0.5, wall thickness 

No. fuel elements per 19 
assembly 

Method of supporting 


elements in assembly 


Top and bottom grids 


300 to 430°C) and various power levels to 
study the effects of fission-product contamina- 
tion of the primary circuit. By Mar. 1, 1964, 
the maximum burnup in the original plutonium 
oxide elements that were still in the core was 
5.8%. 

At the time of fuel-assembly replacement, 
all assemblies were tested by pumping gas 
from them and checking it for radioactivity. 
Some showed activities thousands of times 
greater than the average. These were discarded 
(18 out of a total of 81) and replaced by the 
new UO, assemblies. The following quotation 
from Ref. 8 describes the condition of ele- 
ments fromthe “discarded” and “undiscarded’” 
assemblies: 


.. Two of the discarded subassemblies with a 
4.9% burnup (one was processed with steam) and 
one subassembly with a 5% burnup out of the un- 
discarded were examined in the hot laboratory. 
Longitudinal cracks 8—10 cm long and up to 1.0 
mm wide were detected on the surface of some ele- 
ments of these subassemblies. The cracks, as a 
rule, continued in the plutonium dioxide. Mostly 
radial cracks were observed on the surface of 
cross sections of the disintegrated elements. No 
central cavities were found in any of the disinte- 
grated elements. In the third subassembly exam- 
ined all the elements turned out to be tight, the 
element canning was in good condition: the element 
surface was light-colored and bright and there 
were no visible defects. 


In late 1964 and early 1965 it is planned to 
load the BR-5 with uranium monocarbide fuel. 


SODIUM-COOLED REACTORS 93 


It is stated in Ref. 8 that the operation of the 
BR-5 reactor has already confirmed the prac- 
tical feasibility of the reactor type for industrial 
installations. The announced decision!! to by- 
pass the previously planned 50-Mw(e) com- 
mercial plant BN-50 in favor of pushing on 
directly to the large 350-Mw/(e) plant (BN-350) 
appears to be in harmony with this point of 
view. However, Ref. 11 also announces a proj- 
ect to construct a “fast pilot reactor,” des- 
ignated BOR, for general development work 
leading to large fast breeders. This reactor, 
of thermal capacity 40 to 60 Mw, will test 
advanced concepts and operating conditions: 
power densities up to 1500 kw/liter, sodium 
outlet temperatures to 630 to 650°C, and fuel 
burnup to 10% with thin-walled fuel elements 
that allow fission-gas leakage to the coolant. 
This suggests that the elimination of the “com- 
mercial” BN-50 may have been the result of a 
decision that the effort could be spent more 
effectively on a reactor of more experimental 
nature. 

With the beginning of operation of EBR-II 
and the EFFBR, fast reactor progress in the 
United States should accelerate. Neither ofthese 
plants can be considered the prototype of an 
economic commercial fast breeder. Although 
the EFFBR will operate as a utility station, its 
fuel is far from satisfactory even on a non- 
recycle basis. The shortcomings of the fuel 
have restricted the operating power level, ina 
manner reminiscent of the early DFR ex- 
perience. The situation is summarized in the 
following quotation from Ref. 9: 


The present core was de-rated from 300 to 200 
MWi(t) because of an increase in the estimated 
pressure drop across the core resulting from a 
change in the fuel element support arrangement 
(see Fig. 6, P/2427). Experimental data obtained 
subsequent to this decision show that the pressure 
drop will be only 40 psi at 200 MW(t) whereas the 
subassembly and internals are capable of operating 
at 65 psi. A higher power level, therefore, is pos- 
sible but cannot be justified economically because 
of the burnup limitation on the U—10 w/o Mo fuel 
alloy. As described in another paper, this alloy has 
not proven to have the irradiation damage resis- 
tance which early results suggested. It has been 
found that the allowable burnup decreases with in- 
creasing fuel temperature. Therefore, after dem- 
onstration of 200 MW(t) operation, it is planned to 
operate at an inlet sodium temperature of 450°F 
and at a power level of 110 MW(t) which is esti- 
mated to double the allowable burnup. Although 
these conditions are uneconomical for electric 
power generation, it will extend the-fuel life of the 
two core loadings now|'oni hand and; permit, use of 
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the reactor as a test bed for irradiation of experi- 
mental fast reactor fuels. Plans are proceeding to 
utilize the reactor initially for this purpose. 


Although the British hope to have a prototype 
of a commercial fast reactor on power soon 
after 1970, the date is contingent on the de- 
velopment of a satisfactory fuel and decisions 
as to the main reactor design features.'? Ap- 
parently only the USSR is committed far enough 
to a prototype (BN-350) at this time to announce 
its general features. These are summarized in 
Table IX-11. However, the construction sched- 
ule for the plant appears to be somewhat 
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breeders might be developed utilizing differe: 
basic fuel types. But for the moment it wv. 
be encouraging to be able to verify the coz- 
pletely satisfactory performance —in relat: 
to breeding ratio, reactivity coefficients, = 
reactivity lifetime, as well as to the mc: 
obvious criteria such as fuel lifetime =. 
fabrication cost—of any one fuel. Because :: 
the growing interest in oxide fuels, the com: 
operation of Rapsodie in France34,37 and of t: 
Southwest Experimental Fast Oxide React:: 
(SEFOR) in the United States’ will be awaite: 
with interest. 


Table IX-11 CHARACTERISTICS OF THE BN-350 REACTOR!!! 








Thermal power, Mw 1000 
Core volume, approx., liters 2000 
Average power density, kw/liter 500 
Sodium volume in reactor vessel, m? 165 
Primary sodium temperature 
inlet/outlet, approximate, °C 300/500 
Maximum sodium velocity in core, m/sec 10 
No. of core fuel assemblies 211 
No. of blanket assemblies 500 
Axial and radial blanket thickness, cm 60 
Core diameter/height, m 1.5/1.06 
Sodium volume fraction in core, % 39 
Fuel Plutonium and uranium dioxide mixture (19% Pu)* 
Critical mass, kg of Pu 780 (or 950 kg 23SU) 
Fuel element Rod type; oxide pellets in stainless-steel tube, 
as in BR-5T 
Diameter/thickness of jacket tube, mm 5/0.4 
Fuel assemblies 96 mm hexagons with wall thickness of 2 mm 
No. of fuel elements per assembly 217 
Method of spacing elements in assembly Top and bottom grids plus ribs on element jackets 
Breeding ratio, total/internal 1.5/0.62 
Rate of reactivity loss, % k .,,//month 0.62 (one month gives about 0.5% burnup) 
Control rods Assemblies similar to fuel assemblies with enriched 
B,C in place of fuel 
*The first loading may employ enriched UO, (23% 235U). 
Tit is stated that the average oxide density will be lower than in BR-5 to accommodate fission 


gases. 


flexible, and it is not clear whether the current 
concept has lasting significance. 

The key question in predicting the course of 
fast-breeder development is the selection of 
fuel type. Although the early experience has 
been predominantly with metal fuel, that ex- 
perience has not been highly encouraging even 
for uranium metal, and the prospects for 
plutonium appear considerably less favorable. 
On the basis of current knowledge, the oxides 
appear to be the surest bet as potentially ac- 
ceptable fast reactor fuels. The carbides, how- 
ever, have inherent advantages in thermal con- 
ductivity and density, and it is primarily the 
lack of experience with them that puts them in 
a less favored position. It is, of course, con- 
ceivable that a number of acceptable fast 


In whatever direction the fuel development 
goes, considerations of reactivity coefficients 
are expected to have an important influence on 
the design of large fast breeders. In particular. 
there will be efforts to attain a negative value 
for the sodium-void coefficient of reactivity or 
minimize its positive value and to provide as 
large a sink of reactivity in Doppler effect as 
possible. The effects of these considerations 
on reactor design are discussed in Ref. 24 and 
were reviewed at length in Power Reactor Teci- 
nology, (2): 107-144. 

Partly because of the difficulty with tbe 
sodium coefficient of reactivity and partly to 
circumvent problems and difficulties in sodium 
technology, some groups have investigated other 
coolants for fast reactors. The Karlsruhe pro)- 
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t is investigating cooling by helium and dry 
eam as well as by sodium, ® and papers on 
1S Cooling’? and steam cooling!” were also 
-esented at the Conference by Swiss and 
elgian groups, respectively. The latter is a 
rect-cycle system that utilizes dry steam as 
ie reactor coolant. Part of the superheated 
ceam from the reactor exit goes to the turbine, 
nd another appropriate fraction is directed to 

Loeffler boiler where it is quenched in the 
Oiler water and produces dry saturated steam 
> feed the reactor inlet. 

One of the problems with less efficient 
oolants is to design for the characteristic high 
specific power of the fast reactor. This may 
e not so much a problem of normal cooling as 
of emergency shutdown cooling, particularly 
pon loss of coolant pressure. In the gas- 
cooled concept®® it is proposed to use water 
injection as a last-ditch emergency measure. 
Criticality can be avoided under these con- 
ditions by incorporating resonance absorbers 
in the reactor core. This would be relatively 
ineffective in the normal “fast” neutron spec- 
trum but would absorb strongly if the spectrum 
were degraded by water injection. The prob- 
lem sounds like a difficult one. 
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Section 


X Maritime Reactors 


Power Reactor Technology 


£ the two nuclear-powered ships that are in 
peration, only the icebreaker Lenin was for- 
nally discussed at the Conference.!:? Other 
apers concerned the nuclear plant for the 
3@rman nuclear-powered vessel Ollo Hahn? and 
lesign studies of the VULCAIN‘® and NERO! 
-e actors for marine propulsion. 

The icebreaker is powered by three pres- 
Surized-water reactors, each capable of pro- 
ducing 90 Mw(t), although the vessel can be 
Operated at design conditions with only two of 
the three reactors operating. The core of each 
reactor consists of 219 fuel assemblies ar- 
ranged as shown in Fig. X-1. Each assembly 
is composed of 36 fuel pins fabricated of UO, 
pellets clad with zirconium alloy tubing having 
an outside diameter of 6.1 mm and a thickness 
of 0.75 mm. The fuel pins are contained ina 
flow tube that is fabricated of zirconium alloy, 
bearing !B as a burnable poison. The amount 
of poison is varied from tube to tube to reduce 
the radial power-peaking factor. The reactor is 
equipped with safety and control rods as well 
as a so-called “compensation system.” Al- 
though details of the construction of these con- 
trol components are not given in Ref. 1, a 
paper from the Second Geneva Conference® 
may be consulted for additional information. 


Each reactor of the Lenin is equipped with 
two coolant loops, each containing a steam 
generator, two main circulating pumps, an 
emergency circulating pump, two electrically 
heated pressurizers, and an ion-exchange fil- 
ter. Figure X-2, which is a photograph of part 
of the Russian exhibit, illustrates the reactor 
compartment of the ship. Although call-outs 
are not provided, the reader can see the posi- 
tions of the three reactors in the center of 
Fig. X-2 as evidenced by their control- and 
safety-rod “thimbles’” protruding above the 
upper shield structure. The six main coolant 
pumps and a cutaway showing one of the steam 


generators can be seen at the left. The loops 
are designated “bow” or “stern” loops in the 
reference, the reactor compartment in Fig. X-2 
being arranged with the center line of the 
pumps in a fore-aft orientation. Table X-1 
lists additional operating data for the reactors. 

In general, the operation of the Lenin has 
been “quite successful.” Much of the success 
perhaps results from the fact that the ice- 
breaker application approximates an “ideal” 
application of nuclear energy. The vessel be- 
came operational in December 1959 and op- 
erated on its first fuel for over 11,000 hr, 
producing about 450,000 Mw(t)-hr. The average 
burnup reached about 12,000 Mwd per ton of 
uranium, with peak burnup reaching about 30,000 
Mwd per ton of uranium. Refueling was done in 
the spring of 1963, and in May 1964 the vessel 
was operating with the second fuel charge. In 
1961 the self-regulation of the reactor was 
demonstrated using the Doppler effect to com- 





Fig. X-1 


Lenin reactor core cross section.® 
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Fig. X-2 Photograph of part of the Russian Geneva 
exhibit illustrating the reactor compartment of the 
Lenin. 


pensate for load changes. The primary com- 
ponents of the plant operated about 15,000 hr 
(including the year 1963) at working pressure 
(180 kg/cm’). The main circulating pumps have 
operated up to about 8500 hr without inspection, 
although some punips apparently have failed 
owing to shorting of the stator windings. 

The primary circuit components that are 
permanently or periodically filled with poten- 
tially contaminated water are accommodated in 
the so-called “central compartment” of the 
plant. In Fig. X-2 this probably consists of the 


Table X-1 OPERATIONAL DATA FOR THE 
LENIN REACTORS? 


Designed Operation data 
values for reactors 


for 65 Mw 1, 2, and 3* 


Water tlow in primary circuit 415 435 458 435 
loops, tons, hr 430 467 453 
Reactor outlet temperature for 317 311 312 311 
loops, °C 311 313 313 
Reactor inlet temperature for 261 260 261 260 
loops, °C 
Steam output fur loops, 43.3 42 47 43 
tons hr 43.3 42 42 46 
: 32 31.5 31 
. we . er š 2 O ome re ae es rose 
Steam pressure, ky cm 29 31 30.5 31 
Steam temperature, "C 307 P ee 


309 308 308 


*Fraction numerators refer to bow loop and the denomi- 
nators to stern loop. 


compartments containing the reactors and steaz 
generators, and these compartments are her- 
metically sealed from the rest of the ship a: 
ventilated separately. Some leakage has be:: 
experienced from the primary system. Refer- 
ence 2 notes that this has come from the paci- 
ing of various valves in the primary circu: 
Contamination from fission gases and lore- 
lived fission products is reported to be low. 

Reference 9, although not specifically directe- 
toward the Lenin reactors, pertains to a contr. 
system that might be uniquely applied to t: 
reactor type. The essence of the system is. 
reactor in which the coolant is separated froz 
the moderator; the Lenin reactors are of th: 
type with their flow-tube design. The principle: 
of the control system are contained in t: 
following quotation: 


Let us consider a reactor core formed L. . 
regular lattice of cylindrical fuel elements plac- 
in a liquid moderator, say in H,O. Let the top cm- 
of all elements be fastened in some plane thus tz: 
any of them can turn independently around i 
fastening point. Let, further, these elements pa~- 
freely through the spacer plate, the holes in: 
forming a grid similar to that of fastening point- 
The lattice and the form of the cylindrical react. 
do not depend on the distance between the plane . 
joints (fastening points) and that of the spacer 
plate. Let the plate be rotated in the horizont-: 
plane around the reactor central axis. Then U: 
core will have the form of a one-sheet hyperbol:i. 
of revolution and the fuel element lattice will t 
‘deformed thus that the surfaces of the constar: 
spacing will turn out to be, with a greater arvu- 
racy, ellipsoids of revolution having one focus wit: 
the hyperboloid that forms the side boundary. 

The reactivity dependence on the core spacing :* 
a cylindrical reactor is not monotone, it has opt- 
mum. When the spacing increases reactivity ris- 
first, and then falls. Therefore to control a react." 
by means of the core deformation it is possible t: 
use either the ‘‘left’’ branch of the curve corr- 
sponding to the core spacing less than optimu: 
or the “right” one corresponding to the spacin 
greater than optimum. 


The reactivity of a reactor controlled in the 
above manner was studied both analytically and 
experimentally, and the reference may be con- 
sulted for details. 

The power plant for the German researc: 
Ship Otto Hahn is described in Ref. 3. It wil 
be a pressurized-water reactor (PWR) havin 
the characteristics shown in Table X-2, The 
ship was launched in June 1964, and the:time 
schedule calls for the reactor to be installed in 
1966 with power operation to commange in 


1967. The normal power of the propulaion plant 


is 10,000 shp. | 














inter 1964-1965 


MARITIME REACTORS 


Table X-2 MAIN DATA OF REACTOR INSTALLATION 
FOR THE SHIP OTTO HAHN: 
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The objectives of the VULCAIN program, 
which is a joint UKAEA-—BelgoNucléaire effort, 


ore : 
are quoted as follows: 

Diameter of active zone, mm 1150 req ea ll 
Height of active zone, mm 1120 
_ 2 s $ (i) The basic nuclear physics and engineering de- 
Farel elements eide length), mm 270 sign parameters of a compact, highly rated 
No. of fuel rods installed 3128 core capable of operating to a peak burn-up of 
Fuel-rod diameter, mm 10.9 40/50,000 MWD/TeU. 
Ea 5] thickness, mm a (ii) The development and manufacture of a VUL- 
oo AS empenatate °C es CAIN core, of 40 MW/thermal output, for load- 
Core exit temperature, °C ' 278 ing into the Belgian BR3 reactor later in 1964. 
Maximum thermal output, Mw 38 The BR3 reactor will then be operated with a 
Average reactivity lifetime, Mwd/ton 7200 mixed D,O/H,O moderator andcoolant through- 
Maximum reactivity lifetime, Mwd/ton 14,000 out the three years life of the core. 
UO, fuel loading, tons 2.95 


Enrichment in four zones, '£ 


~2.5, 2.9, 3.5, and 
4.3 


(iii) The engineering design of a compact steam- 
raising unit of 20,000/25,000) shp suitable 


Average enrichment, % ~3.6 either as a single unit for marine propulsion, 
POTEN pa release, kcal/(m?)(hr) 272,000 or as a multi-unit for small land-based power 
Average fuel temperature over en F 

lifetime, °C 460- 680 pranon 
Hot-channel load at central fuel 

melting, % 172 


Absorbing material in control rods 


Burnable poison 
Excess reactivity (cold, unpoisoned), ‘% 
Excess reactivity (hot, unpoisoned), 7 


Boron carbide in 
steel 

ZrB,-ZrO, pellets 

15 

7 


The German maritime reactor? incorporates 


The physics portion of the work is concentrated 
in critical experiments in the VENUS zero- 
energy program and will conclude in 1965. The 
BR-3—VULCAIN power experiment is con- 


Excess reactivity (hot, poisoned), % 4.5 a i 

Shutdown reactivity of control rods, ‘7 25 cerned with irradiation of a core in the BR-3 
Eoen x" reactor. The fuel assembly and a so-called 

eratin ressure, ata " 

Inside wi as 8580 “moderator tube” of the reactor are shown in 

Inside diameter, mm 2360 Fig. X-3, and the core layout is shown in 

Wall thickness and plating, mm 50 +5 18. sia y . 

Coolant circulation, kg/hr 2.37 x 108 Fig. X-4. The moderator tubes come in two 
Steam generator lengths; 14 of them are about 1.4 m long and 

Operating pressure, ata 31 N. 

Steam temperature. °C 273 the remaining four are about 2.4 m. The long 

eee °C ae tubes house hydraulically operated absorber 

ube diameter, mm ° 

Tube wall thickness, mm 1.2 rods, and 10 of the short tubes house absorber 

Material Inconel rods actuated by existing BR-3 magnetic-drive 
£ s vesae wai mechanisms. The remaining four short tubes 

Diameter, m 9.5 are used for instrumentation, sample tubes, 

Wall thickness, mm 30 . icy 

Design pressure, ata 14.5 and neutron sources (Fig. X-4). Additional core 

Weight including reactor parts, tons 930 


data are given in Table X-3. 








Z ircoloy-4 
Moderotor 
Tube 


some of the advanced techniques described in 
the review of the Consolidated Nuclear Steam 
Generator and the Unified Modular plant in 
the Fall 1963 issue of Power Reactor Tech- 
nology, 6(4): 106-117. These include self- 
pressurization and location of the primary heat 
exchangers within the pressure vessel. In addi- 
tion, the primary pumps are arranged quite 
close to the core, probably in a manner Similar 
to that shown in Fig. VII-3 of the above- 
mentioned Power Reactor Technology article. 
The fuel elements are of square geometry with 
a four-zone-loaded core to achieve power flat- 
tening. The pressure vessel will be fabricated 
by circumferential welding of several forged 


Fig. X-3 VULCAIN fuel assembly and moderator 
rings. 


tube.* (Dimensions are in millimeters) 
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Vessel ,1473.2 Dia. 


Thermal Shield 


Core Barrel 





#2 
Cold Leg 


+-Flux Wires (16) 

© -Fission Chambers (6) 

O- Core Inlet - Water Thermocouples (5) 

O- Core Outlet-Water Thermocouples (20) 

A- Water Velocity Thermocouples (3) 
Long Moderator Tubes with Hydraulic-Rod Mechanisms 
EZA Short Moderator Tubes with Magnetic-Rod Mechonisms 
ETJ Short Moderator Tubes without Rods 


Fig. X-4 BR-3-—VULCAIN core cross section with 
in-pile instrumentation.‘ 


The reactor normally will be operated with- 
out rods in the core and with the coolant con- 
taining about 85% D,O at start of life. The 
burnup target is an average of about 25,000 
Mwd per ton of uranium, and, as burnup pro- 
ceeds, light water is added until the D,O con- 
centration is almost zero at end of life. The 
hydraulically operated absorber rods, described 
in Ref. 4, are located with their drives entirely 
within the pressure vessel. The operation is 
described as follows: 


In this type of hydraulic mechanism, the absorber 
rod moves up or stays in its top position because 
of the upwards flow inside the moderator tube 
created by the pressure differential between the 
tube inlet and the vessel outlet flow nozzle to which 
the top cnd of the tube is connected through a 
master valve. When the latter connects the tube 
top end with a higher pressure (vessel inlet flow 
nozzle), the moderator flow is reversed and the 
10 kg rod drops into the core and stays there after 
being stopped by a dushpot in the bottom of the 
moderator tube. The H.P. and L.P. connections of 
the master valve are thus located entirely within 
the reactor vessel. The servo pressure actuating 
the spring-loaded master valve is transmitted by a 
pipe passing through the vessel collur from a pilot 





valve which is supplied by a high or low pre--. 


to position the master valve for up or down-c... 
ment of the rod, respectively. The system isv. 
fail safe, as failure of the servo-pressure, «.~ 
due to a pipe rupture, will cause insertion v.. 
rod into the core. 


The design of the VULCAIN reactor f: 
marine propulsion also incorporates inter 
pressurization and integral heat exchanger: 
The design of the reactor is schematical 
illustrated in Fig. X-5. Provisions are ma`: 
for gas pressurization, as well as sel. 
pressurization, in order to reduce the in-cor: 
voids if desired. | 

The NERO reactor for ship propulsion wi: 
designed by the Reactor Centrum Nederlar 
(RCN) in cooperation with Euratom. The NEF® 
is a pressurized-water reactor having th: 
characteristics shown in Table X-4. The reac- 
tor is a conventional PWR design with tt: 
exception of the primary flow loop. A syster 
with internal recirculation, somewhat simul2: 
to that of a boiling-water reactor, is provide:. | 
The external primary flow is pumped to a rif: | 
of water ejectors located inside the reactor 
vessel in the downcomer region, and enouz:. | 
recirculating water is pumped to provide 3. 
internal circulation having about 1.5 times the 
mass flow in the external circuit. The refer- 
ence states that the reason for this was to re- 
duce the size of the external primary coolant 
system and still provide sufficient flow of 
coolant through the core in one pass. This 
design also provides a path for natural circula- 
tion entirely within the pressure vessel t 
facilitate emergency cooling. The NERO project 





Table X-3 CORE DATA FOR THE VULCAIN- BR-š 
POWER EXPERIMENT 


Parameter Value 
Fuel material, mm Dished UQ, pellets 
Outside diameter, mm 7.5 
Fuel-cladding material AISI 304 stainless stee 
Thickness, mm 0.5 
Active length, mm 1000 
Total length, mm 1235 
No. of pins’fuel element 37 
No. of fuel elements ‘core 73 
Absorber rod geometry Tubular, unfollowed 
Material Unclad 14°16 stainless 


steel containing zw. 
natural boron 


Inside diameter, mm 65 
Outside diameter, mm Të 
Length, mm 1035 
Reactor power, Mw(t) 40.9 
Coolant D,.O-H,Q mixture 
Pressure, kg cm2 140 
Total core flow, m3 ¿hr 2500 





dinter 1964—1965 


as been under development since late 1961, 
when a contract was signed between RCN and 
“= uratom. This contract covered critical ex- 
2><e€riments, irradiation studies of fuel rods, 
x draulic experiments, shielding, and other 
studies. Design of the propulsion reactor also 
was undertaken, although the data given in 
X`“ able X-4 are preliminary in nature. 

References 10 and 11 pertain to investiga- 
ri ens of the dynamic behavior of marine boiling- 
w ater reactors. Reference 10 discusses test 
x=x-esults with an oscillating, boiling, natural- 
circulation loop called “Yo-Yo.” Although many 
Of the details are of specialized interest, 
the conclusions are quoted below for the gen- 
e rality:'° 


1) The error introduced by neglecting the direct 
g-effect upon slip is small. It should therefore 
be safe to assume that data from stationary rigs 
may be used with confidence in the design of 
natural circulation boiling water reactors for 
marine application. 

2) No effects have been found which indicate any 


sudden transition from one flow regime to 


another. 

No carry under has been produced in this geom- 

etry where the water velocity in the upper part 

of the downcomer was 0.2 times the circulation 

velocity. 

1) A stabilizing effect may be achieved by increas- 
ing the single phase inertia. 


3 


w 





Fig. X-5 Principles of VULCAIN reactor.’ (1) Core; 
(2) pressurizer; (3) pressurizing-gas piping;(4) steam 
generators; (5) pumps. 
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Table X-4 MAIN PARAMETERS OF NERO DESIGN! 


Genera] and primary system 


Reactor power, Mw(t) 67 
Steam production, metric tons/hr 111.2 
Steam pressure, kg/cm? 40 
Temperature, °C 280 
Reactor operating pressure, kg/cm? 151 
Nominal reactor inlet temperature, °C 270 
Nominal reactor outlet temperature, °C 299 
Nominal inlet temperature reactor core, °C 288 
Mass flow through reactor core, kg/sec 1155 
Mass flow through each of two external 
circuits, kg/sec 220 
Reactor core dimensions 
Core height, mm 1327 
Core nominal diameter, mm 1128 
No. of full-size fuel elements 30 
No. of subsize fuel elements 12 
Total No. of fuel rods 4218 
Diameter of pellets, mm 10.03 + 0.01 
Total weight of UO,, kg 4600 
Cladding (Zircaloy) inside diameter, mm 10.2 
Cladding (Zircaloy) outside diameter, mm 11.9 
Pitch of fuel rods, mm 15.0 
Core volume fractions 
UO, 0.3352 
H,O 0.4402 
Cladding boxes 0.1725 
Control rods 0.0407 
Core physics and heat transfer 
Average burnup, Mwd/metric tons of UO, 16,600 
Initial enrichment of central] zone 4.4 
Initial enrichment of outer zone 4.8 
Amount of burnable poison, g of B,C 
equivalent 1240 
Maximum heat production, watts/cm of 
rod length 500 
Genera! dimensions 
Inside diameter of reactor vessel, m 2.0 
Inside height of reactor vessel, m 5.5 
Heat-transfer surface of steam generator, 
m? each 200 
Heat-transfer surface of superheater, 
mè each 43.8 
Inside diameter of containment, m 9.0 


The reference also discusses the design of a 
steam injector-jet pump for use in the down- 
comer region of a boiling-water reactor. Ref- 
erence 11 couples the neutronic and hydraulic 
behavior of a marine boiling-water reactor into 
a digital-computer code to study transient 
behavior of the reactor in a rolling and heaving 
ship. It is shown!! that the results of the ship’s 
motion produce large neutron-flux variations 
but affect fuel temperature, heat flux, coolant 
flow rate, reactor vessel pressure, and rate of 
steam flow to the turbine only a small amount. 
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XI Other Reactors 


Power Reactor Technology 


A number of reactors discussed at the Confer- 
ence have not been reviewed in the preceding 
sections, either because they are intended for 
special purposes or becauSe their development 
is still at a stage too early to reveal their ulti- 
mate major characteristics. Some of theSe are 
discussed briefly in the following paragraphs. 


Portable Power Plants 


The Army Reactors Program in the United 
States has resulted in the construction and op- 
eration of five nuclear power plants that rep- 
resent the U. S. effort in the development of 
portable reactor plants for applications other 
than space. The first reactor inthe Series began 
operation in April 1957. General information on 
the plants is given in Table XI-1, whichis taken 
from Ref. 1. All the reactors are of the pres- 
surized-water type, with operating pressures 
from 1200 to 1750 psi, and all use UO,- stain- 
less-steel cermet fuel. 

The truly portable plants in the U. S. series 
were designed to be transported by a variety of 
means, such as truck, rail, boat, or aircraft. 
Consequently shipping modules were limited to 
a size of 8 by 8 by 30 ft and to a weight of 
30,000 lb. About 18 modules of reactor and 
power-plant equipment, plus about 40 modules 


of support facilities and buildings, comprise a 
typical plant. For plant details the reader is 
referred to Ref. 1, to Power Reactor Technol- 
oxy, 6(3): 43, which presents a description of 
the PM-1 core design, and to Ref. 2, which con- 
tains details of all five plants in the portable- 
power-plant series. The design objectives of the 
U. S. portable reactor development program, as 
set forth in Ref. 1, are as follows: 


— Minimum size and weight 

— Minimum installation effort 
— High reliability 

—System simplicity 

— Self-sufficient plant 

— Capability of being relocated 


The Russians have developed an interesting 
portable nuclear power plant, the organic-mod- 
erated ARBUS plant, which has been in operation 
since June 1963. The plant has about half the 
output of the U. S. plants, as shown in Table 
XI-2. The coolant used in ARBUS, a hydrosta- 
bilized gas-oil, has proved to be satisfactory, 
probably largely because of the incorporation 
in the ARBUS plant of a coolant “regeneration” 
system. Operation of the system is described 
in the following quotation from Ref, 3: 


...The coolant comes from the primary circuit 
(200 —250 liter/hour) to the regeneration system 


Table XI-1 U.S. PORTABLE REACTOR POWER PLANTS IN OPERATION! 








Startup 
Designation Location date Power Purpose 
SM-1 Fort Belvoir, Va. 1957 10 Mwi(t), 1860 kw (e) Training, experimental 
SM-1A Fort Greely, Alaska 1962 20 Mw (t), 1640 kw (e) Power and heat 
+ 35 x 108 Btu/hr 
PM-1 Sundance, Wyo. 1962 9.4 Mw (t), 1000 kw(e) Power and heat 
+7 x 108 Btu/hr 
PM-2A Camp Century, 1960 10 Mwi(t), 1600 kw (e) Power and heat 
Greenland + 1 x 105 Btu/hr 
PM-3A McMurdo Station, 1962 9.5 Mw(t), 1500 kw (e) Power 
Antarctica 
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gas oil pump. Then the gas oil at a pressure olf 45— 
60 atm is mixed with an intlow of circulating hy- 
drogen. The latteris obtained by water electrolysis 
in an electrolyzer trom which it is transported to 
the system by a displacement compressor of the 
regeneration system. The gas oil and hydrogen 
mixture is heated in the regenerative heat ex- 
changer, and then it is heated up to the working 
temperature in an electric furnace. After that the 
gas oil and hydrogen mixture is ted to the reactor 
filled with catalyst. The hydrogen and regenerated 
gas oil mixture coming from the reactor transfers 
its heat in the heat exchanger, and is finally cooled 
down to 30 —50°C in the cooler. Then the mixture is 
separated in a gas separator from which the gas oil 
comes through cermet and felt filters to the pri- 
mary circuit feed tanks, and hydrogen flows to the 
circulating compressor. Owing to formation of de- 
struction gas products (methane), small amounts of 
the circulating gas are continuously rejected to an 
exhaust stack. Hydrogen total flowrate is found to 
be 0.45 kg/hr, hydrogen in the amount of 0.36 kg/hr 
directly takes part in the reaction. 


Table XI-2 ARBUS MAIN PARAMETERS? 


Reactor output, kw 5000 
Turbogenerator output, kw 750 
Pressure in the primary-circuit 

pressurizer, psi 88 
Coolant temperature 

At reactor inlet, °F 446 

At reactor outlet, °F 469 
Coolant flow rate of the primary circuit, 

metric tons/hr 600 
Saturated steam temperature in steam 

generator, °F 433 


Inital characteristics of the low-cost gas-oil 
coolant are given in Table XI-3. It is believed, 
however, that for the remote-station applica- 
tion of the plant the low melting point of the 
gas-oil (relative to that of the terphenyls usu- 
ally used in the nuclear application) is consid- 
ered at least as important as the low cost. It is 
believed also that the gas-oil is not being con- 
Sidered for central-station use because of its 
relatively poor high-temperature capability. 
The ARBUS plant consists of separate factory- 
tested units, similar to the modules of the U. S. 
plants but apparently of slightly larger size. 
The plant consists of 19 units, each weighing 20 
tons or less, and it is stated’ that the weights 
and sizes of the units make possible their trans- 
portation to the building site by water or land. 
Setup of the plant on site requires two or three 
months,’ a time that compares with the 77 days 
required’ to erect the U. S. plant PM-3A. The 
ARBUS plant and the U. S. plants differ greatly 
in design, of course, but a particularly inter- 
esting difference is in one of the rather major 


_ at remote sites. For that reason heat reject: 
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Table XI-3 HYDROSTABILIZED GAS-OIL 
CHARACTERISTICS? 


0.8558 
Not greater thi | 


Specific weight at 20°C, g/cm? 
Iodine number 


Sulfurizing total, wt.% 30 
Boiling initiation, °C 212 
Boiling termination, °C 300 
Carbon content, % 86.89 
Hydrogen content, % 13.11 


Hydrogen/carbon ratio 1.8 


Sodium content, wt.% 2 x 1075 
Sulfur content, wt.% 3 x 1075 
Vapor pressure at 350°C, atm 4.85 
Chemical compound 
Paraffin, % 30.12 
Aromatic, % 30.03 
Naphthene, % 39.85 





features of the plants. Early in the design - 
PM-1, it was recognized that adequate sourct: 
of cooling water would not always be availat:- 


to the air was specified. In the ARBUS plant t:- 
condenser is water cooled. 

The second Russian portable nuclear powt: 
plant,‘ the TES-3, has been in operation sinc: 
1961. TES-3, which has a pressurized-wat:: 
reactor, is more advanced than the other por- 
table plants in one respect: practically all t: 
equipment is arranged in four large package: | 
that are permanently mounted on track ts | 
vehicles. When the plant is readied for opera- | 
tion, biological shielding is provided by cover- | 
ing the two vehicles, which carry the react¢: 
and the primary system, with the most con- 
venient locally available shielding matera). 
e.g., earth. The operation of TES-3 has ap- 
parently been successful and has confirmed the 
reliability, the good control characteristics, am: 
the convenience for maintenance of such plants.’ 
Principal characteristics of the plant are give? 
in Table XI-4. 





Table XI-4 THE MAIN CHARACTERISTICS* OF TES-3 





Generator power, kw 1500 
Reactor power, kw 8800 
Pressure in the primary circuit, psi 1910 
Temperature at the reactor inlet, °F 527 
Temperature at the reactor outlet, °F 572 
Parameters of the second circuit 

Pressure in the steam generator, psi 294 

Temperature of steam superheat, °F 536 

Pressure in the condenser, in. Hg ~ 3,9 
Cooled water flow rate, metric tons/hr 1000 
Weight of the plant equipment, metric tons 210 
Weight of the transported shield 

if included, metric tons 28.5 
Weight of all power truck-trailers, 

metric tons 310 
Core life, days 98) | 





nter 1964-1965 


burect-Conversion 
‘ower Plants 


The direct-conversion reactors discussed at 
eneva, although not strictly the type of plant 
Irmally discussed in Power Reactor Technol- 
vy, will be mentioned briefly for whatever 
earing they may have on civilian power-reac- 
>r development. 

A concise history of the SNAP-10A program 
s given in Ref. 5. The reactor is described, the 
irect conversion of heat to electricity is dis- 
‘ussed, and the integration of the reactor heat 
‘ource and a thermoelectric power-conversion 
system into a complete package is discussed. 
[he characteristics of the thermal-neutron 
SNAP reactors are given in the paper, and Ta- 
»le XI-5 reproduces some of the SNAP-10A 


Table XI-5 SNAP-10A DESIGN CHARACTERISTICS? 


Fuel-moderator elements (U-ZrH) 


Diameter, in. 1.25 
Length, in. 13.0 
Nu, H atoms/cm? x 10722 6.5 
U (fully enriched 235U), wt.% 10 
Number of elements 37 
Total 235U, kg 4.3 
Cladding thickness, in. 0.015 
Reactor 
Core-vessel diameter, in. 8.94 
Core -vessel height, nominal, in. 15.6 
Be reflector thickness, nominal, in. 2 
Number of control drums-safety elements 4 
Core volume, cu ít 0.3 
Weight with reflector control assembly, lb 250 
Fuel-element spacing-triangular matrix, in. 1.26 
Operating characteristics 
Coolant (NaK) flow, gal/min 13.1 
Inlet temperature, °F 900 
Outlet temperature, °F 1010 
Maximum fuel temperature, °F 1085 
Power, kw (t) 34 
Power density, average, kw(t)/liter 4.0 
Heat flux, average, Btu/(hr)(sq ft) 10,200 
Neutron flux, average, neutrons/(cm?)(sec) 1.7 x 1011 


data. In mid-1964 the reactor and conversion 
subsystems had performed satisfactorily in in- 
dependent tests, and preflight tests of the in- 
tegrated plant had begun. Flight testing in the 
actual space environment is scheduled for 1965. 
The high-temperature direct-conversion re- 
actor Romashka has operated as a complete 
system for about 500 hr in the Soviet Union, and 
the direct-conversion portion of the plant has 
been tested® with electric heat for over 1000hr. 
In Romashka, heat generated in the fast reactor 
core is transferred by conduction radially to a 
_ reflector, and then from the lateral surface of 
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Table XI-6 BASIC PARAMETERS OF THE DIRECT- 
CONVERSION REACTOR ROMASHKA® 


Electrical output, kw 0.50 to 0.80* 
Total thermal power, kw 40 
Maximum temperature of beryllium 

reflector, °C 1200 
Maximum temperature of external 

surface of beryllium reflector, °C 980 
Maximum temperature of uranium 

dicarbide fuel elements, °C 1900 


Charge of 235U, kg 4 
Worth of automatic control rod, % 0 
Worth of manual control rod, % 0. 
Worth of safety rod, % 0 
Worth of all control rods, % 1 
Worth of mobile end-face reflector, % 3 
Total neutron flux in core center, 

neutrons /(cm?)(sec) 1038 
Total neutron flux at reactor core 


boundary, neutrons /(cm?)(sec) 7 x 1012 
Neutron leakage from reactor, 
neutrons /(cm?)(sec) 3 x 1011 


*Depending on temperature conditions. 


the reflector to a semiconductor conversion de- 
vice mounted coaxially and adjoining the reflec- 
tor. The cylindrical reactor is built up of hor- 
izontal fuel elements, each of which is made of 
a graphite body and enriched fuel plates of ura- 
nium dicarbide. The radial reflector of the re- 
actor is made of graphite and beryllium, and 
end-face reflectors are fabricated of metallic 
beryllium. The reactor is controlled by four 
rods that are inserted in the radial beryllium 
reflector and by movement of the lower end- 
face reflector. The cold junctions of the ther- 
moelectric tonversion devices are cooled by 
radiating fins. The average temperature at the 
bases of the fins is about 550°C. Some basic 
parameters of the Romashka reactor are given 
in Table XI-6, which is taken from Ref. 6. 

One result of the Soviet experimental work 
that may be of interest to the reactor designer 
is given in Fig. XI-1, which shows the depen- 
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Fig. XI-1 Dependence of thermal conductivity of 
uranium dicarbide on temperature.® 
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Table XI-7 ADVANCED REACTOR TYPES UNDER CONSTRUCTION IN THE UNITED STATES!! 
MSRE* EBORt UHTREX} FRCTFs 
Location Oak Ridge, Tenn. NRTS, Idaho Los Alamos, N. Mex. Los Alamos, N. Mes 
Contractor or ORNL General Atomic LASL LASL 
laboratory Div. of General 
Dynamics Corp. 
Power, Mwit) 10 10 3 20 
Fuel Molten solution of UF, 62 UO, —38 BeO UC, coated particles Molten Pu-Co-Ce 
and ZrF, in 'LiF-BeF, in graphite 
Fuel enrichment, % *5U 25 to 93 62 
Maximum fuel 1225 1900 3000 1200 
temperature, °F 
Cladding or container INOR-8 (Hastelloy N) Hastelloy X None Ta alloy 
Primary coolant Circulating fuel He He Na 
(LiF, BeF,-ZrF,-UF,) 
Coolant exit 1225 1300 2000 to 2400 1157 
temperature, °F 
Moderator Graphite BeO Graphite 





*MSRE, Molten-Salt Reactor Experiment. 


TEBOR, Experimental Beryllium Oxide Reactor Experiment. 
tUHTREX, Ultra-High-Temperature Reactor Experiment. 


8FRCTF, Fast Reactor Core Test Facility of the Los Alamos Molten-Plutonium Reactor Project. 


dence of the conductivity of uranium dicarbide 
on temperature, 


Other papers concerning direct-conversion 
devices or techniques are listed as Refs. 7 to 
10. 


Advanced Concepts 


A paper by Sievering!! describes several ad- 
vanced reactor concepts currently under devel- 
opment in the United States. The four advanced 
reactor types listed in Table XI-7 are being 
built as reactor experiments, and several other 
concepts are in the stage of laboratory devel- 
opment. The Molten Salt Reactor Experiment 
is expected to be in operation early in 1965, as 
is the Experimental Beryllium Oxide Reactor. 
The Ultra High-Temperature Reactor Experi- 
ment is planned to achieve initial criticality 
late in 1965, and the Fast Reactor Core Test 
Facility, which will be able to accommodate 
core-blanket combinations of various designs, 
is scheduled for initial operation in 1967. 


Three papers are on advanced reactor con- 
cepts being investigated in the Federal Republic 
of Germany. One paper is concerned with the 
pebble-bed power reactor,’ which has been 
previously mentioned in Sec. VIII, and the other 
two describe a sodium-cooled, zirconium hy- 
dride-moderated power-reactor experiment’? 
and a molten-salt epithermal reactor," respec- 
tively. 
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Foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission. Its purpose is 
to assist interested organizations in the task of keeping abreast of new results in reactor 
technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports that 
are judged noteworthy in the fields of power-reactor research and development, power- 
reactor applications, design practice, and operating experience. It is not meant to be a 
comprehensive abstract of all material published during the quarter, nor is it meant to be 
a treatise on any part of the subject. However, related reports from different sources are 
often treated together to yield reviews having some breadth of scope, and background 
material may be added to place recent developments in perspective. Occasionally the re- 
views are written by guest authors. Reviews having unusual breadth or significance are 
placed at the front of the issue as Feature Articles. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Reviews, 
the overlaps will be motivated by this objective of viewing current progress through the 
eyes of the reactor designer. 

A degree of critical appraisal and some interpretationof results are often necessary to 
define the significance of reported work. Any such appraisal or interpretation represents 
only the opinion of the reviewer and (in the usual case, when the review is written by 
Combustion Engineering, Inc., Nuclear Division staff) the Editor. When the review is 
predominantly interpretive the reviewer is named; unless identified as a guest author, he 
is a member of the Combustion Engineering, Inc., Nuclear Division staff. Readers are 
urged to consult the original references to obtain all the background of the work reported 
and to obtain the interpretation of the results given by the original authors. 

For timely coverage, Power Reactor Technology must often review fragmentary mate- 
rial. The fixed subject headings listed below have been adopted in the hope of maintaining 
some continuity and order in the material from one issue to another: all reviews except 
Feature Articles will be arranged under these headings. A particular issue will not neces- 
Sarily contain all the headings but only those under which material is reviewed. 
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Letter to the Editor 


WESTINGHOUSE ATOMIC POWER DIVISION 
EXPERIENCE WITH STAINLESS-STEEL-CLAD FUEL ELEMENTS 


In marked contrast to the VBWR results reported in Power Reactor Technology, 7, 4, Westing- 
house has not observed failure of stainless steel cladding in a pressurized water reactor environ- 
ment. Our operating experience to date is summarized in Table I. Stainless steel has clearly per- 
formed with distinction under exposures substantially in excess of those at which failures occurred 
in VBWR, regardless of whether the cladding was annealed or cold worked, freestanding or col- 
lapsed. Yankee environment was primary neutral, with periods of high pH and boric acid operation; 


Saxton and Selni are chemical shim systems (boric acid) having added alkali. 


Table I IRRADIATION DATA ON STAINLESS-STEEL FUEL ELEMENTS 
IN WESTINGHOUSE REACTORS 


Peak exposure 


Stainless type Cladding thickness, in. Nvt >1 Mev MWD/MTU Reactor 
Annealed 348 0.021 (freestanding) 7 x 102! 30,000 Yankee 
Cold worked 304 0.016 (freestanding) 3 x 1021 20,300 Saxton 
Cold worked 304 0.010 (collapsed) 1 x 1021 10,000 Saxton 
Cold worked 304 0.015 (freestanding) 1 x 1021 6,000 Selni 


A test assembly irradiated in Yankee Cores I and II is now under test in Core IV and will achieve 
a peak burnup of 41,000 MWD/MTU (fast flux >1 Mev = 11 x 10?! nvt) by September 1965. Fuel ele- 
ments in the basic Saxton Core will achieve peak exposures of 25,000 MWD/MTU by June 1965. Selni 
fuel elements will achieve 16,000 MWD/MTU by July 1966. 

Based on an extensive review of experimental data reported by other laboratories, we conclude 
that in-reactor failures of UO, fuel elements clad with commercial stainless steel have occurred 
only in a boiling water environment. Factors which must be evaluated in explaining the differences 
between stainless steel behavior in boiling and pressurized water reactors are as follows: 


1. System Pressure 


The higher system pressure in a pressurized water reactor produces alarger compressive stress 
component on the cladding surface. For example, the circumferential compressive stress contribu- 
tion from 2,000 psi external pressure will be about 12,000 psi greater than in a boiling water system 
operating at 1,000 psi, assuming equivalent clad thickness and geometry. The higher system pres- 
sure thus prevents or delays the development of tensile stress in the cladding as a result of fission 
gas accumulation. Crack propagation cannot normally occur in the absence of a tensile stress. 


2. System Chemistry 


Typically, oxygen concentration in pressurized water is less than 0.01 ppm. In direct cyclic boil- 
ing systems, however, oxygen in the vapor stage varies from 20-40 ppm; in the liquid, oxygen con- 
centration is typically 0.05 to 0.5 ppm. High oxygen concentrations have been shown in laboratory 
experiments to accelerate stress corrosion. Differences in corrosion behavior may also arise from 
differences in the equilibrium distribution of chemical species from radiolytic decomposition. 


3. Corrosion Product Deposition 


Corrosion products deposit on the surfaces of fuel elements irradiated in both boiling and non- 
boiling water environment (although the examination of the irradiated Yankee elements revealed 
almost no deposited corrosion product). The corrosion product deposited from a boiling coolant will 
be highly oxidized; ferric ions are known to be effective crack promoters. 


4. Local Thermal Stresses 


Fundamental heat transfer studies (2,3) have shown that rapid thermal fluctuations occur at sur- 
faces where boiling is occurring. These local temperature fluctuations are caused by the growth and 
detachment of vapor bubbles which temporarily change the local heat transfer rates at the fuel] ele- 
ment surface. Amplitude of the observed temperature variations ranges from a few degrees to about 
30°F, occurring at somewhat irregular intervals of 3—50 milliseconds. The rate at which the tem- 
perature decreases during a local thermal fluctuation may be as high as 1500°F/sec. Although the 
strain resulting from these fluctuations is relatively small, the very high frequencies at which such 
a Strain is cyclically applied may contribute to fuel element failure. Since bubble nucleation occurs 
preferentially at small surface crevices or pits, thermal cycling is focused on locations which are 
already sources of potential microcracks. The temperature will fluctuate at any fuel element surface 
experiencing nucleate boiling (either bulk or local). However, smaller fluctuations occur in a pres- 
surized water system because of the higher pressure and greater forced convection cooling of the 
surface. 


The relative importance of each of these mechanisms has yet to be fully assessed. However, con- 
trolled experiments are required to supplement engineering test data and to establish the relevance 
of these mechanisms to behavior of other cladding materials. 


(1) p. D. Moore and R. B. Mesler, A.I.Ch.E. J.,7: 4, 620 (1961). 
(2) N. Madsen, Memo WWO 26-M31, Technische Hochschule, Eindhoven, 1964. 
(3) T. S. Rogers and R. B. Mesler, A.I.Ch.E. J., 10: 5 (September 1964). 


R. J. Allio, Manager 
Materials and Processes Development 
March 19, 1965 Westinghouse Atomic Power Division 
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Power Reoctor Technology 


critical and Exponential 
‘xperiments 


everal reports of results of critical and expo- 
ential experiments have been issued since 
ie last review of the subject in Power Reac- 
' Technology [%(3): 206-212 (Summer 1964)]. 
hese include some papers from the Third 
eneva Conference. 

Reference 1 describes a series of critical 
Kperiments with a close-packed D,O-moder- 
ted lattice in the Special Power Excursion Re- 
ctor Test II (SPERT-II). These experiments 
ere directed toward providing information 
eeded for design of the final operational core 
1d for analysis of power-excursion tests con- 
icted with that core to investigate the influence 
[ prompt-neutron lifetime on reactor kinetics. 
1 addition to the effects of initial system pres- 
ire and temperature, planned kinetic experi- 
ients with the close-packed core configura- 
on will investigate the dynamic response of 
ie reactor during forced coolant flow. Fuel 
ssemblies, spaced on a uniform square pitch 
[ 6.0 in., consisted of 3-in.-square thin-walled 
luminum cans containing 18 highly enriched, 
2movable, flat fuel plates separated by heavy- 
ater channels 0.094 in. thick. The fuel plates 
ere of a uranium-aluminum alloy meat (0.020 
y 2.54 by 24 in.) clad with 0.020 in. of alumi- 
im. Each plate contained a nominal loading of 
g of ahs and therefore each assembly had a 
tal of approximately 126 g of 23šU, The facility 
as designed to permit operation up to moder- 
‘ely elevated temperatures and pressures, 
g., 400°F and 375 psig, respectively. The ref- 
rence discusses critical loadings, flux maps, 
djoint flux maps, and the reactivity coeffi- 
ents of pressure, temperature, and voids. 
Bucklings were measured’? by substitution 
‘chniques in the Process Development Pile 


for fuel assemblies composed of clusters of 19, 
31, and 37 natural UO, rods with various rod 
Spacings within the cluster. The UO, rods were 
0.500-in.-diameter sintered pellets (10.4g¢/cm’) 
stacked in aluminum tubes having an outside 
diameter of 0.547 in. and a wall thickness of 
0.020 in. The hexagonal rod clusters were 
placed inside aluminum-housing tubes of cir- 
cular and hexagonal cross section and were of 
such dimensions as to limit the coolant-flow 
area to realistic values. The various coolants 
investigated were Dowtherm A, polyethylene, 
H,O, air, and D,O. The single-region refer- 
ence-core loading consisted of 31-rod UO, 
clusters contained in D,O-filled aluminum- 
housing tubes; both the reference and test lat- 
tices were spaced on a 9.33-in. triangular 
pitch. Measurements were made by the suc- 
cessive substitution technique wherein effective 
critical water heights are determined after the 
substitution of one, three, and finally seven test 
assemblies. One-group perturbation and two- 
group flux-matching methods were used in the 
interpretation of the experimental data. 


Reference 3 presents a summary of experi- 
mental and theoretical results obtained in the 
Heavy Water Lattice Project of the Massa- 
chusetts Institute of Technology (MIT) during 
the period October 1962 to September 1963. 
Experimental methods were developed during 
previous studies on lattices of 1-in.-diameter 
natural-uranium rods in the main subcritical 
(exponential) assembly. These methods were 
employed in the evaluation of the material buck- 
ling, fast-fission effect, and resonance and ther- 
mal captures in fuel lattices of 0.25-in.-diam- 
eter slightly enriched-uranium-metal fuel rods. 
The uranium metal was enriched to 1.03% 235U 
and was clad with aluminum 0.028 in. thick. 
Values of the material buckling were evaluated 
for unreflected lattices of the 1.25-in. triangu- 
lar pitch in both the 3- and 4-ft-diameter tanks 
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and with a 2.50-in. triangular pitch in the 4-ft- 
diameter tank. Preliminary results on mea- 
surements of the ratio of fissions of 238U to 
fissions of ***U, and on the ratio of epithermal 
to thermal fission of *“U, are reported for 
lattice pitches of 1.25, 1.75, and 2.5 in, Results 
are compared with earlier results obtained in 
the Miniature Lattice Facility at MIT and with 
results obtained at Brookhaven National Labor- 
atory with 0.25-in. rods in lattices moderated 
by H,O. Measurements of the SU cadmium 
ratio, the ratio of 238U capture rate to the 235U 
fission rate, and intracellular distributions of 
neutron-capture rates in 2381 and copper are 
described and compared, where possible, to 
measurements made in the Miniature Lattice 
Facility. Experimental determinations of intra- 
cellular thermal-neutron distributions and com- 
parisons with analytical results are discussed. 
In particular, the difficulties arising from the 
cylindrical approximation to the unit cell, mainly 
with the lattices of 1.25-in, triangular pitch, the 
use of improved energy-exchange kernels, and 
modifications of the THERMOS code to include 
the effects of radial and axial leakage are de- 
scribed. The progress on miniature lattices, 
two-region or substituted lattices, and pulsed- 
neutron studies is also discussed. 
Experimental data were obtained at both the 
Savannah River Laboratory (SRL) and the Han- 
ford Laboratories to establish standards for the 
prevention of accidental criticality in handling, 
storing, and processing uranium metal enriched 
to 3 wt.% 235U. In the Hanford experiments the 
approach-to-critical and exponential methods 
were used to provide material bucklings and 
critical masses for H,O-moderated lattices 
with fuel-rod diameters of 0.175, 0.300, 0.600, 
and 0.925 in. The SRL measurements, dis- 
cussed in Ref. 4, employed subcritical expo- 
nential techniques to determine the material 
buckling for H,O-moderated lattices containing 
metal rods of 2- and 3-in. diameters at several 
lattice pitches. The material buckling for fuel 
elements of a given diameter and lattice pitch 
was evaluated from measured values of the neu- 
tron relaxation lengths along the axes of as- 
semblies having at least two different effective 
diameters. The use of assemblies with differ- 
ent effective diameters permitted an evaluation 
of the radial extrapolation distance without the 
measurement of transverse flux shapes. Tabu- 
lations of the extrapolation distance, transverse 
buckling, neutron relaxation length, material 
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buckling, and critical mass are given for - 
configurations investigated at SRL. A summir 
of both the SRL and Hanford data for the 3 = 
2350 metal rods is given in Ref. 4. 


The ZPR-I0 facility has been used to st- 
the properties of very large fast power bree<:. 
reactors by a two-zone-core technique where. 
a small subcritical portion of a large di: 
system is positioned in the center of the critic- 
facility matrix and surrounded by a buffer rep: 
and an annular driver region. Reference 5 <:- 
scribes the measurements in assembly « 
which were designed to assess the validity — 
this technique. The central core area of asser- 
bly 42 had an effective radius of 9.22 in..: 
length of 34 in., and a composition identical: 
that of a previously run dilute simulated ur: 
nium carbide reactor (assembly 34). The but: 
region consisted of a 0,5-in.-thick depleted ur:- 
nium filter with a length equal to that oft: 
inner zone. Surrounding the buffer zone rac- 
ally, and with an axial length equal to that = 
the two inner regions, was a driver zone :: 
3.18-in. nominal thickness. This driver r: 
had a 235U volume fraction approximately tw- 
that of the central core region. A depleted ur: 
nium blanket surrounded the entire core a:- 
sembly in both the axial and radial direction:. 
Reactivity measurements performed in th: 
assembly included determinations of plate- 
orientation worth, homogeneity corrections, r- 
actor-segment worths, central reactivity coe- 
ficients, and radial worth distributions of ax: 
columns of core materials. Spectral-index d»- 
terminations included central fission ratios 
nuclear track emulsion measurements, fissicc- 
counter traverses, Rossi-alpha measurements. 
sodium activation, and natural- and enriche- 
uranium foil measurements. Comparisons be- 
tween results obtained for the central cor: 
region and assembly 34 are given. 


The second two-zone core built in the ZP5- 
III facility (assembly 43) is described in Ref. £. 
In this case the central region with its lov- 
density axial blanket was designed to simul: 
a projected fast power breeder reactor emplo- 
ing uranium monocarbide with a high propor- 
tion of 23Š9U to promote internal breeding. Tt 
basic structural and coolant materials wer: 
Stainless steel and sodium, respectively. T= 
composition of the driver region was so chose: 
that the complete assembly would be critics 
within the ZPR-If inventory of enriched uri- 
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ium. The composition of the buffer region was 
aen chosen, by calculation, to modify the spec- 
crum of the neutrons diffusing infrom the driver 
> a spectrum similar to that in the central 
one. The low-density axial blanket behind the 
emntral zone was identical in composition to the 
entral zone except that the enriched uranium 
ras replaced with stainless steel. The remain- 
ag part of the core was surrounded by a de- 
leted uranium blanket. In both the central and 
river zones, experimental determinations were 
aade for sodium void coefficients and reac- 
iwity effects resulting from the substitution of 
mriched anddepleted. uranium, ***y, 2389pu, simu- 
ated fission products, and various structural 
md control materials. Spectral indices were 
measured, and reaction-rate traverses and ac- 
ivation experiments were performed. The re- 
.ctivity change due to the Doppler effect was 
measured by heating a large depleted uranium 
mide sample. 

In support of the Advanced Sodium Graphite 
teactor program, a series of critical and ex- 
»onential experiments’ has been performed to 
letermine values of the material buckling and 
? eff for graphite assemblies fueled with slightly 
2nriched uranium carbide. These assemblies 
2mployed triangular lattice pitches of 9, 11, 
und 12 in. and, in most cases, included control- 
t*hannel mockups. The uranium carbide fuel 
2l1ements each contained 18 fuel rods arranged 
m two concentric rings about a centrally lo- 
>ated, voided, stainless-steel tube. The inner 
uel ring consisted of 6 rods evenly spaced ona 
L.47-in.-diameter circle, and the outer ring 
2onsisted of 12 rods evenly spaced on a 2.84- 
m. circle. Each fuel rod contained a 72-in. 
stack of 0.500-in.-OD uranium carbide pellets 
nside a 0,010-in.-thick 0.550-in.-OD stainless- 
steel tube. The uranium carbide had a density 
xf 13.23 g/cm’, a carbon weight fraction of 4.9%, 
and a *5y enrichment of 3.02%. The region 
yutside the fuel rods and within the 0.025-in.- 
‘hick 4.00-in.-ID process tube was filled with 
30dium to a height of 72 in. The number of ura- 
nium carbide fuel elements (24) was much less 
than the number required for a bare or reflected 
critical assembly; consequently it was neces- 
sary to employ a driver region surrounding the 
test lattice to achieve a critical configuration. 
Fuel elements for the graphite- moderated driver 
region consisted of hollow cylinders (1.026 in. 
in inside diameter and 1.730 in. in outside diam- 
eter) of uranium metal enriched to 2 wt.% 235U 


and stacked inside a 0.040-in.-thick aluminum 
tube. Fuel assemblies in the driver region were 
spaced on a 10.6-in. triangular pitch regardless 
of the lattice pitch employed in the test region. 
The critical experiments provided data on 
source multiplication measurements for the test 
lattices as well as on the number of driver as- 
semblies required for each lattice to achieve 
criticality. The former data were used to de- 
termine the keşf for each uranium carbide test 
lattice. Lattice configurations identical to those 
employed as test regions in the two-region 
critical assemblies were employed in the ex- 
ponential measurements. In addition, data were 
also obtained for the same lattice compositions, 
but with reduced radial dimensions, to permit 
an evaluation of the effective radial buckling 
for a given lattice composition, Material-buck- 
ling values inferred from the two-region critical 
measurements are compared with those ob- 
tained from the exponential measurements and 
with those obtained by multigroup and few-group 
calculational schemes. 


A short description of the critical and ex- 
ponential facilities at the Institute of Nuclear 
Research, Swierk, Poland, as well as a brief 
description of the Institute’s research pro- 
grams, is given in Ref, 9. The critical assem- 
bly ANNA is a heterogeneous water-graphite- 
moderated pile with a graphite reflector. The 
central region of the graphite pile has 45 cylin- 
drical holes positioned on a square pitch of 14 
cm, into which graphite plugs or fuel channels 
can be inserted. Each fuel element is composed 
of three aluminum-canned coaxial tubes of 20% 
enriched UO,. ANNA serves primarily as a 
mockup facility of the high-flux reactor. The 
MARYLA reactor is a zero-power (1 kw) flexi- 
ble pool type facility designed for the study of 
various light-water systems. The individual fuel 
assemblies consist of 15 or 16 fuel pins, each of 
which is 8 mm in diameter by 50 cm long and 
contains 8 g of U. HELENA is a subcritical 
assembly designed to investigate the param- 
eters of natural-uranium—graphite lattices. The 
fuel is in the form of aluminum-canned uranium 
slugs, 30 cm long by 2.5 cm in diameter. 


The NPY Project is a joint undertaking in 
reactor physics between the International 
Atomic Energy Agency and research labora- 
tories in Norway, Poland, and Yugoslavia, Ref- 
erence 10 presents a description of the NPY 
lattices studied, the experimental techniques 


112 POWER REACTOR TECHNOLOGY 


used in the measurements of neutron-flux dis- 
tributions, and comparisons between the experi- 
mental flux distributions and theoretical pre- 
dictions. The rod type fuel elements employed 
in the zero-power facility NORA (Kjeller, Nor- 
way) have a fuel radius of 5.64 mm and consist 
of nonsintered UO, powder which has a density 
of 9.28 g/cm? and which is enriched to 3 wt.% 
2351). The cladding is type 304 stainless steel 
with a thickness of 0.71 mm. The lattices re- 
ported were moderated by D,O (99.4 mole %) 
and employed square pitches of 10, 4.908, and 
3.658 cm. The lattices employed in the above- 
mentioned zero-power assembly ANNA (Swierk, 
Poland) consist of H,O-cooled annular elements 
moderated by graphite and positioned at a square 
pitch of 14 cm. The fuel element is composed 
of an inner aluminum support tube, three con- 
centric fuel annuli clad with aluminum, and an 
aluminum tube that separates the outer water 
annulus from the graphite. Each fuel annulus is 
2.3 mm thick and is composed of 38.5 wt.% UO, 
(enriched to 20% 235U) and 61.5 wt.% aluminum. 
The fuel element employed in the RB zero- 
power reactor (Vincha, Yugoslavia) consists of 
a single fuel annulus that is enriched to 2 wt.% 
23517, clad with aluminum, and moderated and 
cooled by D,O. The D,O coolant at both sur- 
faces of the fuel annulus is separated from the 
inner and outer D,O-moderated regions by thin- 
walled aluminum tubing. Square lattice pitches 
of 8 and 17.9 cm were investigated. Experi- 
mental data on thermal-flux distributions mea- 
sured at the three facilities are compared with 
analytical results obtained by various calcula- 
tional techniques, e.g., THERMOS, one-group 
Amouyal-Benoist, and one-velocity P}. 
Reference 11 is a description of the ROSPO 
critical facility (Comitato Nazionale per l’ En- 
ergia Nucleare) that was built for the PRO 
power-reactor project to test organic-moder- 
ated cores. This facility was designed to carry 
out critical experiments in various cores dif- 
fering in size, geometry, and control-rod type. 
During operation the moderator temperature 
can be changed over a range from about 40°C 
above the melting point to about 20°C below the 
boiling point, e.g., 190 to 350°C for Santowax 
OMP. Over this range the moderator tempera- 
ture can be maintained constant to within +0.5°C. 
The moderator level can be varied and con- 
trolled to +1.5 mm. Data to be obtained by 
means of the ROSPO facility are as follows: 
critical-mass values vs. core configuration 
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and fuel enrichment; temperature coefficien: 
control-rod worth, and reactivity effects ass- 
ciated with structural components. In addit:: 
to a detailed description of the facility, Ref. |: 
gives data on the following for the first cor: 
critical loadings, worth of control rods 2. 
peripheral fuel elements, and temperatur:- 
coefficient and buckling measurements. The firs 
core is of the plate type and is moderated a: 
cooled by Santowax OMP. The fuel assembL:: 
are square boxes (71 by 71 mm) fabricated fr:- 
0.78-mm-thick stainless-steel sheet. The t- 
plates are 96.4 cm long by 0.72 mm thick ir 
70 mm wide, The meat is an enriched (90% ***t 
UO, dispersion in an AISI type 304 stainles:- 
Steel matrix; the cladding is AISI type 30+: 
Stainless steel. 

Reference 12 presents a summary of resu!:: 
obtained by pulsed-neutron techniques on graz:- 
ite- and H,O-moderated systems and critical e1- 
periments on H,O-UO, systems. The pulsed ex- 
periments were made on two reflected, high 
subcritical systems: (1) a graphite-moderat:: 
and -reflected system in the semihomogenec: 
critical assembly at the Japan Atomic Ener:: 
Research Institute (JAERI) and (2) the ligt- 
water-moderated UO, subcritical reflected sy:- 
tem at the Mitsubishi Atomic Power Industrie 
(MAPI) research laboratories. Reasonat!: 
agreement between calculated and measure 
values of the prompt-neutron decay constant :: 
the fundamental mode was reported. The light- 
water lattice studies were made by the Ozez:. 
Critical Facility (OCF, Central Research Lab- 
oratory, Hitachi, Ltd.) and the Tank-type Crit- 
cal Assembly (TCA, JAERI). Fuel element: 
used in the experiments at the OCF facility wer: 
of the rod type, containing 10-mm-diameter U0 
pellets sheathed in 0.8-mm-thick aluminur 
tubes. The UO, enrichments were 1.5 and 2.5 
23517, Rod type fuel elements were also used r 
the TCA. These elements had an effective diam- 
eter of 12.5 mm and contained 2.6% enriche: 
UO,. The results discussed in Ref. 12 for trw 
various experiments include critical masses. 
flux distributions, spectral parameters, latt: 
and water-gap peaking, temperature and vc: 
coefficients, and space-dependent reactivity <- 
fects of fuel. 

Two additional papers (Refs. 13 and 14) pre 
sented at the Third Geneva Conference are r= 
views that cover the work on critical exper- 
ments in the United States since the Seco 
Geneva Conference in 1958. The first paper 
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results requires an evaluation of the flux age, 
T. The latter quantity is related tothe slowing- 
down age,T7q, by the method of Goldstein,* 
which utilizes the Grueling-Goertzel relation 


‘covers in detail the field of fast reactor critical 
‘experiments, and the second‘ does the same 
for the work on D,O-moderated systems. An 
‘extensive list of references is included in each 


paper. to couple flux and slowing-down density. 
$ q 
M M 
° ° N 22 + 
Age and Diffusion-Length mag age ve 
Determinations where B =—— 
' ED, + Ya 
Measured and calculated values of the flux sais a (In a)? 
Y 
age of fission neutrons to the indium resonance 2t(1 — a) 


energy (1.44 ev) in graphite have been reported 
in Ref. 15. The measurements were made in 
8-ft-high hexagonal graphite assemblies having 
effective diameters of 5 and 7 ft. The assem- 
blies were centered on a cylindrical graphite 
thermal column which was 5 ft in diameter and 
which extended 3'/ ft above the core ofthe 2-kw 
AE-6 water-boiler reactor. The graphite in the 
experimental assemblies was of AGOT grade 
and was cast in the form of 4-ft-long hexagonal 
logs with a distance across flats of 4 in. The 
graphite density was 1.697 + 0.004 g/cm’ as de- 
termined from the total weight and as-built 
dimensions of the assemblies. Two fission 
sources were employed; the primary source 
was 34, in. in diameter, and the secondary 
source was 1 in. in diameter. Each was fab- 
ricated from 4-mil-thick uranium enriched to 
93.2 wt.% ?35U and was covered on the top side 
with a 20-mil-thick cadmium disk that served 
as a sink for thermal neutrons transmitted 
through the source from the reactor thermal 
column, Detector foils were 1 cm square by 5 
mils thick and were composed of 40% indium 
and 60% tin; the cadmium boxes were 40 mils 
thick. 

The various corrections investigated! ex- 
perimentally included source perturbations, de- 
tector-foil perturbations, nonisotropic foil ac- 
tivation, and epithermal leakage from the graph- 
ite assemblies. 


Theoretical values!Š of the spatial moments 
of the slowing-down density distribution at the 
indium resonance energy were determined by 
the TYCHE code, which is an infinite-medium 
slowing-down Monte Carlo program written in 
FORTRAN, The effects of both inelastic scat- 
tering and anisotropic elastic scattering are in- 
cluded in the calculation. Detailed descriptions 
of the cross sections employed in the code are 
given in Ref. 16. Comparison with experimental 





_ [A - 12 
kà (4 + i) 
and the undefined symbols have the conventional 
definitions. 

Table II-1 presents a comparison between the 
experimental and theoretical results described 
above and the previously reported values of the 
age in graphite. All results are normalized to 
a graphite density of 1.60 g/cm. The experi- 
mental values quoted for the present work (Ref. 
15) were computed using a parabolic integra- 
tion procedure over the experimental points as 
well as an extrapolation of the experimental 
points. Additional contributions to the uncer- 
tainty in the computed flux age including the un- 
certainties in graphite density, counting statis- 
tics, foil positioning, and extrapolated flux 
distribution. The comments in Table II-1, par- 
ticularly those relating to the experimental ref- 
erences, give some indication of significant 
differences between the present and past work. 

Measurements of the flux age of fission neu- 
trons to the indium resonance energy in several 
zirconium-water mixtures are described in 
Ref. 17. The experimental techniques were 
similar to those employed in the measurement 
of the age of fission neutrons in H,O [reviewed 
in Power Reactor Technology, 1(4): 331 (Fall 
1963)]; i.e., the measurements utilized a plane 
fission source of finite dimension and effectively 
infinite-plane detectors to give a result equiva- 
lent to a measurement using axial detectors and 
an infinite-plane source. The fission source 
consisted of an enriched-uranium foil, 28°/ in. 
in diameter and 4 mils thick, masked down to 


*H. Goldstein, J. G. Sullivan, Jr., R. R. Coveyou, 
W. E. Kinney, and R. R. Bate, Calculations of Neu- 
tron Age in H,O and Other Materials, USAEC Report 
ORNL-2639, Oak Ridge National Laboratory, July 12, 
1961. 








114 POWER REACTOR TECHNOLOGY Vol. 8, No. 
Table Il-1 AGE TO INDIUM RESONANCE ENERGY, FOR FISSION NEUTRONS IN GRAPHITE’ 
(p = 1.60 g/cm’) 
14M,, cm? M,, 106 cm‘ Mg, 101° cm Comments 
Present work (Ref. 15) 
Experiment 307.8 + 2.0 6.577 3.843 Foils, 1 by 1 cm; cadmium boxes, 
40 mils thick 
Theory 307.4 + 1.0 6.59 + 0.06 4.01 + 0.09 Monte Carlo calculation 
Experimental reference 
Fermi* 317.0 Large point source (293 g), thick 
(0.102 in.) cadmium boxes 
Hillt 310.6 + 3.0 6.89 4.4 Large (4 by 6.35 cm) foils, thick 
(0.135 in.) cadmium boxes 
Davey} 337.9 Source: planar distribution of 
natural-uranium rods 
Hendrie$ 312.6 + 0.5 6.87 4.3 Uncertainty based in counting 
Statistics only 
Theoretical reference 
Joanouf 305.0 Moments method 
Goldstein** 304.0 + 3.0 Monte Carlo calculation 


*E. Fermi, J. Marshall, and L. Marshall, Slowing Down of Fission Neutrons in Graphite, CP-1084, Nov. 25, 1943. 
tJ. E. Hill, L. D. Roberts,and G. McCammon, Slowing Down of Fission Neutrons in Graphite, ORNL-187, Jan. 19, 


1949, 


tW. G. Davey, J. C. Field, J. C. Gilbert, and A. L. Pope, An Experimental Study of the Slowing Down of Fission: 
Neutrons and the Diffusion of Thermal Neutrons in Graphite and in Heterogeneous Mixtures of Bismuth and Graph- 


ite, AERE-R/R-2501, March 1958. 


SJ. M. Hendrie, et al., Slowing Down and Diffusion Length of Neutrons in Graphite-Bismuth Systems,in Progress 
in Nuclear Energy, Physics and Mathematics, Series 1, Vol. 3, Pergamon Press, Inc., New York, 1959. 
qS. D. Joanou et al., Moments Calculations of the Fermi Age in Moderators and Moderator-Metal Mixtures, 


Nucl. Sci. Eng., 13(2): 171-(1962). 


**H, Goldstein, J. G. Sullivan, Jr., R. R. Coveyou, W. E. Kinney, and R. R. Bate, Calculations of Neutron Age in 


H,O and Other Materials, ORNL-2639, July 12, 1961. 


an effective diameter of 12 in. with cadmium. 
The homogeneous zirconium-water mixtures 
were simulated by 0.113-in.-thick zirconium 
plates arranged parallel to the fission source 
in a tank of water. The detector foils were 3⁄4 in. 
in diameter by 0.005 in. thick and were com- 
posed of 40% indium and 60% tin; cadmium 
covers were 20 mils thick. In a given plane, 
parallel to the fission plate, the foils were 
spaced radially from the axis of symmetry of 
the experimental assembly. The relative in- 
finite-plane activity (z) was obtained by nu- 
merical integration of the following equation: 


p(z) = Jr ro’ (r, z) dr 


where @'(r,z)is the activity of a foil at a dis- 
tance y from the axis of symmetry and ina 
plane at a distance z from the fission source. 
Detailed descriptions of the methods of data 
reduction and tabulations of data are given in 
the reference. For metal-to-water ratios, R, 
of 0.0, 0.348, 0.565, and 1.20, the measured 
ages are given by T (cm?) = 26.63 + 19.23R. 

Steady-state measurements of the effective 
thermal-neutron-absorption cross section and 
diffusion length in graphite, by means of a 
beryllium-antimony source, are reported in 


Ref. 18. The effective absorption cross sect: 
was evaluated by comparing the volume-inte- 
grated thermal-neutron distribution measure. 
in a finite graphite assembly with that me:- 
sured in an “infinite” water assembly contar- 
ing the same beryllium-antimony source. Al- 
though this method does give a result relativ 
to the absorption cross section of H,O, it does 
not require any assumption as to the magnitu: 
of the transport cross section of graphite. Ti 
diffusion lengths were also evaluated from tk 
asymptotic flux distributions in both the graphit: 
and water assemblies. The graphite assembi 
was an 8-ft-high stack of hexagonal AGOT- 
grade graphite logs forming a decahedron 12: 
across the flats. Since the finite dimensions :: 
the graphite stack allowed thermal leakage r 
both directions, displaced source measurement 
were made to facilitate evaluations of leakage 
effects. A detailed discussion of the exper- 
mental procedures, data-reduction techniques. 
and correction factors, i.e., source absorptio. 
foil depression, and leakage factors, are giv: 
in the reference. The average effective absor-- 
tion cross section o,(¥V), evaluated at the mo“ 
probable velocity for a Maxwellian distributzr 
at 20°C, was 4.42+0.08 mb and is in gox 
agreement with a value of o,(¥) = 4.38 mb deter- 








ng 1965 


ned by the use of the transport mean free 
th A= (steady state) reported by Campbell.* 
e graphite cross section can be expressed as 
= 0.01332 o,(H), where o,(H) is the absorption 
98s section of hydrogen. The average diffu- 
m length, normalized to a graphite density of 
\O g/cm? and measured in the direction paral- 

to the extrusion axis, was 54.77 + 0.20 cm, 
i, in the direction perpendicular to the ex- 
iSion axis, it was 55.10 + 0.15 cm. The former 
lue is in good agreement with the values mea- 
red by Campbell in graphite assemblies on 
» thermal column of the AE-6 water boiler 
actor, namely, 54.7+0.3 cm, corrected to 
02 + 0.20 cm for infinite geometry by a dif- 
sion cooling correction. The diffusion length 
` H,O was 2.80 + 0.02 cm. 


ross Sections 


The fission cross section of “Pu becomes 
yre important for neutron economy and long- 
-m reactivity changes as fuel elements are 
veloped to withstand increasing total expo- 
res and more particularly if plutonium is re- 
cled. Reference 19 reports measurements 
ide with the Materials Testing Reactor fast 
opper and presents the fission cross section 
241 Pu from 0.02 to 100 ev. A value of 962 + 38 
rns was measured at 0.0253 ev. Multilevel 
rameters to 10 ev are given. Reference 20 
30 reports “'pu fission cross sections, mea- 
red with the Rensselaer Polytechnic Institute 
iear accelerator. The range of measurement 
from 2 to 100 ev, with sufficient resolution to 
rmit multilevel analysis to be carried out for 
2 neutron energies below 36 ev. 

In Ref. 21, measurements of the integral cross 
ction for the *Be(7,2”) reaction in the upper 
d of the fission spectrum (above 2.7 Mev) are 


ported. The results are based on measure- 
ants of the total amount of helium produced 


ring irradiation of BeO specimens in the 
ittelle Research Reactor. The value reported is 
0 + 60 mb. 

The measurement was made as part of an 
vestigation of the long-term effects of fast- 
utron irradiation on polycrystalline beryllia. 
is suspected that helium generated within the 
ystalline matrix may be the cause of the loss 





*R. W. Campbell, Diffusion Length in SGR Graph- 
', USAEC Report NAA-SR-Memo-7415, Atomics In- 
rnational, May 29, 1962. 
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of mechanical strength that has been observed 
in BeO after high fast-neutron doses at tem- 
peratures in the range of 100 to 500°C. The 
(n,2n) process is perhaps even more trouble- 
some in beryllium metal because the resulting 
helium is responsible for the swelling of beryl- 
lium fuel jackets after substantial exposures at 
relatively high temperatures. The process is, 
of course, beneficial to the neutron economy of 
reactors that contain considerable beryllium in 
regions where the fast-neutron fluxishigh. The 
results reported in Ref. 21 are not inconsistent 
with the (7,27) cross sections assumed at the 
1959 Conference on the Physics of Breeding 
(Ref. 22). 

Measurements of cross sections for a number 
of threshold reactions, averaged over the 235U 
fission spectrum, are reported in Ref. 23. The 
measurements were made by an activation 
technique. The target material was irradiated 
in a fission-flux converter, and a characteris- 
tic gamma emission from the product nucleus 
was counted. Most of the results of the mea- 
surements are summarized in Table II-2. The 
half-lives listed in the table were not measured 
in the experiments but were taken from other 
sources for use in reducing the data. 


Table II-2 MEASURED AVERAGE CROSS SECTIONS FOR 
THRESHOLD REACTIONS IN A 233SU FISSION SPECTRUM? 


Gamma Breeding 
rays ratio of Average 
measured, gamma cross section 


Reaction Ty Mev rays, % measured, mb 
24Mg(n,b Na 15.05 hr 1.368 100 1.31 + 0.06 
2TAl(n,p)*"Mg 9.5 min 1.015 98 2.9 + 0.5 
2TAl(n,a)4Na 15.05 hr 1.368 100 0.60 + 0.03 
31 Pin, p} 'Si 2.56 hr 30.5 + 1.2 
32S(n,b)”2 P 14.3 days 60 + 1.2 
Tilan, p) (Sc 3.4 days 0.16 66 22.0 + 1.5 
Tila, p) Sc 44 hr 1,32 100 0.21 + 0.016 
“Fe(n,p)4“Mn 314 days 0.835 100 66 + 3.5 
Sé Fe(n,p) Mn 2.58 hr 0.845 99 0.90 + 0.05 
S8Ni(n,p) Co 71.3 days 0.81 100 105 +5 
8Ni(n,p)8"Co 9.0 hr 30 +7 
“7n(n,p)\4Cu 12.8 hr 0.51 38 27 + 1.6 
Z2n(n,p)"'Cu 6lhr 0.184 45 0.9 + 0.1 
2Mo(n,p)"=Nb 10.1days 0.93 98 6.2 + 0.4 
SMo(n,p)®Nb 35 days 0.765 99 0.13 + 0.02 


Neutron Thermalization 


A general review of neutron thermalization, 
with attention to reactor applications, is given 
in Ref. 24. The paper also discusses various 
computer methods for representing scattering 
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kernels and for determining the thermal-neutron 
characteristics in reactor lattices. 

The “scattering-law” formulation for the han- 
dling of differential scattering data was dis- 
cussed previously at some length in Power Re- 
actor Technology, 6(1): 6-14 and 6(4): 46-53. 
New tabulations of scattering-law data (scatter- 
ing cross section as a function of energy and 
momentum transfer) are given in Refs. 25 and 
26 for H,O and D,O at temperatures of 22 and 
150°C. The measurements were made at Chalk 
River with a neutron spectrometer with selected 
initial neutron energies ranging from 0.034 to 
0.26 ev. A comparison with earlier measure- 
ments (Ref. 27) at 24°C shows good agreement; 
the later compilations (Refs. 25 and 26), how- 
ever, cover a wider range of variables. Mea- 
surements made in the USSR on H,O at 23 and 
90°C, as well as measurements on monoiso- 
propyl-diphenyl (C;;H;,) at 20°C are tabulated 
in Ref. 28. 
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il Fluid and Thermal 


Power Reactor Technology 


Conduction 


Reference 1 is a report on an analytical deter- 
mination of the temperature distribution in 
long, cylindrical fuel elements cooled inter- 
nally by several channels. This conduction 
problem has been treated in the past, and Ref. 2 
is a recent article on the subject. The Ref. 2 
article describes the derivation of the so-called 
ROB code for the determination of the steady- 
state temperature distribution for a heat- 
generating, circular cylinder cooled by a ring 
of holes. The ROB code provides for analyti- 
cally calculating the temperature as a function 
of radius and azimuthal angle if the heat- 
generation rate in the cylinder is spatially 
independent. The particular geometry used in 
the ROB code is shown in Fig. Il-1. The ana- 
lytical derivation in Ref. 1 is similar to that 


Equally Spaced 
Holes 


Fig. II-1 Cross section of cylinder illustrating ge- 
ometry.? 


in Ref. 2 except that a radially distributed heat- 
generation rate is provided for; Poisson's 
equation is solved by the method of “sources” 
and “sinks,” with the assumption that the solid 
is isotropic. The reference presents the equa- 
tions needed for calculating the temperature 
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distribution for either an arbitrary radial <:. 
tribution of the heat generation or a radial ge- 
eration rate developed from neutron-diffus:. 
theory. 


Often in real cases the three-dimensi 
problem is important in elements of this hx 
until the third dimension is incorporated r: 
the analytical expressions, the designer m 
handle such problems as best he can. It r. 
well be that the incorporation of a third dime: 
Sion in the conduction equations would res-- 
in a prohibitively complex solution and that e- 
tirely numerical techniques will be required - 
calculation of the temperature distributios - 
the long, cylindrical fuel elements that = 
internally cooled. 


References 3 and 4 present “large” condu:- 
tion codes suitable for use on digital comput: 
machines. Reference 3 presents a FORTRAN 
code suitable for calculation of transient ter- 
peratures in a multiregion, axisymmetric, C: 
lindrical configuration. The conduction c: 
(ARGUS) allows up to 25 concentric regio 
each region consisting of either a stationary : 
a turbulently flowing material having temper: 
ture-dependent properties. The stationary a: 
terials can have space- and time-depend: 
heat-generation rates, and temperatures i> 
calculated at equally spaced nodal points. M:- 
terial properties of the flowing materials ìr 
approximated by second-order polynomials. T=: 
thermal properties of the stationary materia 
must be constant except that, with appropri: 
heats of transformation, up to nine pb: 
changes are allowed in these materials. A! 
allowed are 100 nodal points per radial rov r 
up to 16 radial rows. 


The IBM-650 code HEAT-1 presented - 
Ref. 4 is a one-dimensional time-dependent! - 
Steady-state heat-conduction code. The pr 
gram obtains a numerical solution to the o% 
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imensional heat-conduction equation in either 
lab or cylindrical coordinates by use of the 
inite-difference approximation to the partial 
ifferential equations. This program is some- 
yhat smaller than the ARGUS code in that it 
an accommodate 10 regions and a maximum 
f 51 mesh points. The thermal conductivities 
nd heat capacities are described by third- 
rder polynomials, and a time-dependent and 
ointwise space-dependent heat source can be 
.ccommodated. 

Apparently the thermal designer is accumu- 
ating a variety of machine codes that enable 
iim to tackle many formidable conduction prob- 
ems occurring in reactor design and analysis. 

Reference 5 reports on the thermal conduc- 
ivity of uranium dioxide fuel elements during 
rradiation. This reference deals with research 
it the Bettis Atomic Power Laboratory and is 
in extension of a program originally reported 
n USAEC Report WAPD-228. That report was 
-eviewed in the March 1961 issue of Power 
Reactor Technology, 4(2): 39-43. Briefly the 
xperiment was designed to measure the effec- 
ive thermal conductivity of UO, and a zirco- 
1ium oxide —uranium oxide mixture; the discus- 
sion here will be limited to those experiments 
2mploying only UO,. Table II-1 gives the com- 
,0Sition and density of the fuel materials used 
n the experiments, and Fig. II-2 illustrates the 
lesign of the capsule used for the in-pile mea- 
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Fig. II-2 Capsule for in-pile measurement of the 
thermal conductivity of oxide fuels to high fission de- 
pletions*® (BETT-69-4). 


Table ll-1 COMPOSITION AND DENSITY OF FUEL MATERIALS! 


Experiment Wt.% 235U 
No. Fuel in total U 
WA PD-22-11 UO, 0.7 
(natural) 
BETT-69-1-C1 UO, 21.0 
BETT-69-4-C1 UO, 21.4 


* Percent of theoretical density. 


surements of the thermal conductivity. Table 
[I-2 gives assembly and irradiation data on the 
several capsules. In Tables II-1 and II-2, the 
experiments designated “WAPD-22” are re- 
ported in WAPD-228, and the experiments des- 
ignated “BETT” are reported in Ref. 5. 

The fuel cylinders were pressure bonded 
between the nickel capsule and a thin inner 
tube filled with BeO or ALO, (Fig. 0-2). The 
capsule design was considerably different from 
the one employed for the WAPD-22 experi- 


2351) 
atoms/cm’ Average fuel density 
(x10730) G/cm? % TD* 
1.65 10.4 95 
50.0 10.6 97 


ments, in which the fuel pellets were shrink 
fitted into type 304 stainless-steel capsules 
(Table II-2). The stainless-steel and nickel 
capsules had radial pairs of thermocouples for 
the determination of heat flux and a central 
thermocouple for the determination of the cen- 
tral temperature. 

Figure II-3 illustrates BETT-69 capsule re- 
sults for the effective thermal conductivity. The 
ordinate of Fig. II-3 shows the effective thermal 
conductivity, defined as follows: 
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Keg = ee (1) 
where K.s = effective thermal conductivity, 
watts /(cm)(°C) 
F = constant 
P; = fuel power density, watts/cm’ 
T, = fuel center temperature, °C 
T, = temperature at inner wall of cap- 
sule, °C 


The effective thermal conductivity thus depends 
on both the fuel conductivity and the gap-contact 
conductance, and a decrease in the effective 
conductivity could be caused by decrease in 
either quantity. These considerations are care- 
fully explained in Ref. 5, and the observed de- 
crease in the effective thermal conductivity with 
exposure (Fig. II-3) was indeed due primarily 
to irradiation. 

Figure II-4 illustrates the contact conduc- 
tances of the UO,.-metal interfaces. The earlier 
data obtained with the WAPD-22-11 capsules 
were reworked for their presentation in Ref. 5. 
This reworking involved improved estimates of 
the gamma heating of the capsules and the re- 
sults of postirradiation determinations of the 
fuel-to-capsule gaps. Additional conclusions 
are quoted from Ref. 5 as follows: 


1. The inpile thermal conductivities of UO, and 
UO, + ZrO, fuels at practical operating tempera- 
tures are essentially the same as their unirradiated 
conductivities up to fission depletions of about 10!® 
fissions/cc for operating temperatures near 500°C. 


3. For operating temperatures near 500°C, the 
thermal conductivities of UO,, ZrO, + 34 w/o UO, 
and ZrO, + 46 w/o UO, decreased approximately 50, 
25, and 35 percent, respectively, between 1 x 1019 
and 25 x 1020 fissions/cc. 
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Fig. II-3 BETT-69-4 data for the effective tker- 
conductivity of UO; (Ref. 5). 
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Fig. II-4 Contact conductances of UO metal ini: ` 


faces.’ 


Table II-2 ASSEMBLY AND IRRADIATION DATA 





Estimated 
total exposure, 
Fuel wall thermal Total burnup, 
Experiment Capsule Gas-filling thickness, neutrons/cm? fissions/cmš 
No. material atmosphere cm (x10720) (x10720) Remarks 
WA PD-22-11 Type 304 1 Kr +3 Xe 0.365 4.0 0.35 Shrink-fitted fuel 
S.S. pellets 
BETT-69-1-C1 Nickel 1 Kr + 3 Xe 0.365 2.0 5.4 Pressure bonded (thin 
internal cladding with 
powdered BeO in bore! 
BETT-69-4-C1 Nickel Vacuum 0.076 4.3 28 Pressure bonded (thin 


cladding supported bv 
Al,Os pellets shrink 
fitted after pressure 
bonding) 
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5. Theinitial inpile contact conductances of UO, + 
Zircaloy interfaces, derived from inpile data for 
UO, + nickel and UO, + type 304 stainless steel 
joints, are in good agreement with out-of-pile con- 
tact conductances of UO,+ Zircaloy interfaces 
measured by Ross and Stoute [Canadian Report 
CRFD-1075]. Both the inpile data (for first start- 
ups) and the out-of-pile data indicate that, for in- 
terface pressures near 3000 psi, the contact con- 
ductance is approximately 1 watt/cm?-°C for UO, + 
Zircaloy contacts between surfaces having surface 
roughnesses of less than 1 micron whether the in- 
terface is evacuated or filled with krypton and 
xenon. It is thought that the contact conductance 
decreases proportionally with the UO, conductivity, 
but additional data are needed to verify such de- 
creases. 


The thermal conductivity of uranium dioxide 
also discussed in Ref. 6. This report pre- 
nts an improved radial-heat-flow technique 
r the experimental determination of thermal 
mnductivity, and a large section of the refer- 
rence is a discussion of the technique and the 
2sults determined for Armco iron. However, 
ie thermal conductivity of polycrystalline ura- 
uum dioxide was measured for the temperature 
ange —57 to 1100°C. The uranium dioxide was 
repared in the form of disks of nuclear-grade 
2pleted UO, powder, cold pressed and sintered 
t hydrogen at 1850°C for 4 hr. The resulting 
allets were 93.4% of the theoretical density 
0.97 g/cm’). The results indicated that the 
iermal resistivity, which is the reciprocal of 
ie thermal conductivity, is linear between 200 
nd 1000°C with a slope of 0.0223 cm/watt. 
etween 1000 and 1100°C a slight deviation 
com the linear behavior was noted in the di- 
ection of increasing thermal conductivity, and 
e authors of Ref. 6 suggest that this may in- 
icate a change in the composition of the mate- 
ial or a change in the basic heat-transport 
1echanism within the solid. 


gases 


The following thermodynamic properties of 
elium are discussed in Ref. 7: pressure- 
olume-temperature and enthalpy relations, 
pecific heat, viscosity, thermal conductivity, 
nd Prandtl number. The compilation is an up- 
ating and expansion of previous work and in- 
ludes recent information. In general, the 
roperty data are given for temperatures ap- 
rroaching 2000°F. 

References 8 to 10 are British publications 
ealing with heat-transfer-coefficient calcula- 
ions for gases at high temperatures. Refer- 
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ences 9 and 10 are not recent reports but have 
been included for completeness. The specialized 
case of heat transfer to superheated steam is 
presented in Ref. 11. This reference correlates 
data on the heat-transfer coefficient for super- 
heated steam at 1000 psia flowing in a uni- 
formly heated circular duct. The following ex- 
pression is recommended for design purposes: 


T 0.575 
Nu, = 0.021 Re?-8 pr?-® I (2) 


w 


In Eq. 2 the symbols have their usual meanings. 
The correlation suggests that, as the wall tem- 
perature (T,) increases, the Nusselt number 
decreases. The functional relation, which is 


derived by the author of Ref. 11, results from 
a definition of the Reynolds number in terms of 


the bulk velocity, the density, and the viscosity 
at the film temperature. The correlation re- 
produces the data to within +10%, although only 
18 runs were used to establish the correlation. 


Pressurized Water 


Fragmentary information on pressurized- 
water research of general interest was re- 
ported by Oak Ridge National Laboratory (Ref. 
12) and Hanford Atomic Products Operation 
(Ref. 13). A dimensionless correlation was 
developed!2 for predicting the critical-heat- 
flux value for natural-convection burnout of 
water in a heated vertical channel closed at the 
bottom and open at the top to a liquid supply. 
Data were taken with tubes which were oper- 
ated at atmospheric pressure and which had 
inside diameters from 0.086 to 0.25 in. and 
lengths from 6 to 48 in. This physical situa- 
tion, although not of interest in reactor oper- 
ations, might be encountered during the shut- 
down and depressurization of a power reactor. 
The correlation given in Ref. 13 is for the 
pressure drop occurring during local boiling. 
The experiments were conducted with a 19-rod 
electrically heated bundle; flow rates varied 
from 500,000 to 5 x 10° lb/(hr)(sq ft) at a pres- 
sure of 1200 psia. 

References 14 and 15 deal with heat transfer 
to a fluid flowing in an annulus; Ref. 14 is con- 
cerned with water, whereas Ref. 15 deals with 
an arbitrary coolant. Annular-flow heat trans- 
fer was treated in the March 1961 issue of 
Power Reactor Technology, 4(2): 13-15, and the 
conclusion in that review was that. under cer- 
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tain conditions the effect of the diameter ratio 
on the heat-transfer coefficients of the inner- 
and outer-wall surfaces was uncertain. In par- 
ticular, Fig. IV-1 in that issue illustrates that 
the discrepancies by and large were between 
results obtained in this country and results 
obtained by Russian experimenters. After de- 
riving theoretical expressions for heat transfer 
in an annulus, the author of Ref. 14 presents 
experimental data on the heat-transfer coeffi- 
cients of inner- and outer-wall surfaces using 
average wall temperatures and calculated bulk 
water temperatures. The important result 
seems to be that the ratio of film coefficients 
of the inner- and outer-wall surfaces is de- 
pendent on the heat-flux level and the ratio of 
the inner and outer values of the heat flux. Ac- 
cordingly the situation is somewhat more com- 
plex than was suggested in the earlier review. 
The author of Ref. 14 states that the theoretical 
predictions of Maloney, appearing in what is 
cited as an unpublished work, adequately fit the 
experimental results. 

The analysis given in Ref. 15 extends con- 
sideration to heat transfer in an annulus with 
a variable circumferential heat flux, The treat- 
ment is completely analytical, and no experi- 
mental data-are given. The analysis takes into 
consideration the resistance to circumferential 
mixing, with the assumption that in turbulent 
flow the eddy diffusivity in the circumferential 
direction is the same as that in the radial di- 
rection. Although no experimental support is 
given, the condition of a circumferentially vary- 
ing heat flux is the usual one encountered in 
reactors. 

Reference 16 is a report on the transient 
behavior of a natural-circulation loop operating 
near the thermodynamic critical point. The par- 
ticular fluid studied in the report was Freon- 
114, primarily because it had a low critical 
temperature (294.2°F) and because thermody- 
namic data for the material were available. The 
analytical portion of the study consisted of 
writing one-dimensional conservation equations 
for a control volume and stacking the control 
volumes to obtain the simulated loop. The sys- 
tem of equations thus obtained was solved with 
the aid of a high-speed digital computer. The 
computer model, however, failed to represent 
the system adequately, primarily because ofthe 
assumptions used when the model was set up. 
The flow-stability results, however, are prob- 
ably of general interest, and the following 


quotation from Ref. 16 serves to define ther 





It has been determined experimentally th:' 
eration of a single-phase, heat-transfer loop i: | 
thermodynamic critical region of the fluid « | 
design studied in this experiment will produce _ | 
sure and flow fluctuations under certain conti" 
The condition determined experimentally tc: 
occurrence of sustained flow and pressure fi: . 
tions was that the system fluid be passing tr: ` 
the thermodynamic region in which a maxim.- 
the density-enthalpy product as a function ot = - 
perature, enthalpy, or density occurs. In this re. | 
it was found that as little as 114 kw of heating - 
necessary to obtain sustained flow oscillations 
loop would operate stably in the ther modynami: 
gions on either side of this maximum in the d::: 
enthalpy product. It was noted experimental; 
the magnitude and frequency of the pressu:: . 
flow fluctuations depended on whether the max: 
in the density-enthalpy curve was being tra::: 
from the low- or the high-temperature side 
proach from the low-temperature side resu:: 
a dominant frequency of 10 to 20 cps, which u: 
times the frequency found when traversing the -. 
imum from the high-temperature side. 




















Reference 17 deals with the critical, orz 
out, heat-flux determination in subcooled, t- 
ing water flowing under forced convection. Í 
reference contains a number of arbitrary <:’ 
relations, mostly derived by manipulatic 
the Jens-Lottes equation. The existence :: 
number of correlations probably is cause 
the attempt to correlate data taken from =- 
tems operating in various subcooled-bo.- 
flow regimes. This is recognized by the — 
thor,'’ and as many as four different regiz: 
are postulated. These are the nucleate-bo:.— 
flow regime, the stratified-bubble flow reg:z: 
the nonstratified-bubble regime, and froth f< 
The nucleate-boiling flow regime probabl: 
the most straightforward of all. In this cz- 
which occurs only at subcoolings greater tz 
about 50 Btu/lb, the nucleate bubbles = 
rapidly quenched by the liquid flow stre:- 
Occurrence of the regime requires also as: 
tem pressure of at least 500 psi, mass velo.’ 
in excess of 0.9x 10° lb/(hr)(sq ft), am - 
equivalent diameter in excess of !Á in 7- 
Stratified and nonstratified flow regimes » 
Separated by a matter of degree rather c- 
type, the stratified regime changing gradu-. 
to a nonstratified flow as the bubbles bew: 
dispersed in the bulk of the coolant, I: 
stratified-bubble flow regime consists of = 
quenched bubbles which are concentrated “=: 
to the heat-transfer surface and which acti: 
inhibit the frictional and heat-transfer ef: 
of the turbulence caused by the nucleateb 
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ng. This “shield” minimizes the effect of the 
urface condition of the transfer surface, in 
ontrast to the nucleate-boiling flow regime 
here a greater dependence of the critical heat 
lux with respect to the heat-transfer surface 
Ondition is encountered.: 

Froth flow occurs at low subcoolings, with 
low channels less than ‘4 in. in diameter, or at 
ressures below 500 psi. The regime is char- 
cterized by relatively large amounts of un- 
uenched bubbles, and the phase structures are 
omewhat similar to net vapor generation. 

References 18 and 19 present design data 
ertinent to bundle type fuel assemblies. The 
articular geometry studied experimentally in 
tef. 18 is illustrated in Fig. II-5; it consists of 
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“ig. II-5 Cross section of a wire-wrapped seven- 
-od bundle in a coolant tube.15 


| wire-wrapped seven-rod bundle placed within 
ı flow tube. The spiral wire wrappings are 
ypical of rod-bundle construction and serve 
iot only to promote mixing between the coolant 
subchannels but also to help maintain proper 
spacing between adjacent rods and between the 
‘ods and the flow tube. The geometry shown in 
“ig. H-5 is particularly germane to pressure- 
ube type reactors. The experiment was con- 
lucted by injecting a salt solution into the inner 
soolant channels of a 170-in.-long seven-rod 
yundle fitted into the flow tube. Tap water was 
ntroduced into the outer coolant channels; and 
3amples were taken of the outer-coolant-channel 
luid at several places along the length of the 
yundle for analysis of salt concehtration. The 
measurements then could be converted into a 
jletermination of the amount of coolant mixing 
that resulted for various wire-wrap configura- 
tions. The wire wraps produced considerable 
interchannel mixing, and the amount of mixing 
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varied with changes in the wire-wrap pitch, al- 
though the amount was relatively insensitive to 
the relative spacing between the wires on ad- 
jacent rods. 

Reference 18 presents equations todetermine 
the interchannel coolant-mixing rate and gives 
two illustrative problems on the use of the 
equations in a practical reactor design. It is 
shown, for example, that the use of the wire 
wraps reduces the temperature inequality be- 
tween the inner- and outer-coolant-channel 
streams (for the particular design study) by 
about a factor of 6. Reference 19 discusses the 
effect of wire wraps on the pressure drop for 
axial turbulent flow through rod bundles. The 
experiments reported in Ref. 19 were done with 
two basic types of assemblies: one was similar 
to the bundle shown in Fig. II-5, and the second 
incorporated a wire wrapped around the entire 
rod bundle as well as on the individual rods. A 
19-rod bundle with wraps on 12 rods plus the 
overall bundle was also tested. Data were taken 
with unwrapped rods, and the increase in pres- 
sure drop caused by wrapping the rods in the 
fuel bundle is presented graphically in the ref- 
erence. It was determined that the ratio of the 
pressure drop with wrapped rods to the pres- 
sure drop for the nonwrapped rods was pro- 
portional to the square of the number of wire 
wraps per unit length of rod. Changing the rela- 
tive spacing between wires on adjacent rods 
caused some change in the pressure drop along 
the rod bundle. The entrance and exit losses 
across the rod bundle and end fittings are pre- 
sented in tabular form, and the reference states 
that the data show only “fair agreement” with 
generally accepted contraction-expansion loss 
coefficients. 


Organic Fluids 


Reference 20 presents data on the heat- 
transfer properties of organic coolants con- 
taining high-boiling (HB) residues. The cool- 
ants studied were Santowax R (a mixture of 
terphenyl isomers), a mixture of Santowax R 
and HB residues produced by the pyrolytic de- 
composition of Santowax R, mixtures of Santo- 
wax R and HB residue from the Organic Mod- 
erated Reactor Experiment (OMRE), and OMRE 
coolant. Data were taken in the range of Reyn- 
olds numbers from 10‘ to 10° and were found to 
correlate within +8.5% by an equation given in 
the reference. In addition, several experiments 
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were carried out under subcooled boiling condi- 
tions. The coolants used for the experiment 
were the OMRE coolant and a 55% pyrolytic 
HB-residue mixture. The authors conclude that 
subcooled boiling of organic coolants containing 
HB residues is a complex phenomenon since 
the multicomponent fluids have a very wide 
range of boiling points; it is concluded?’ that 
“the advantages to be gained by operating a 
reactor in this region may be marginal.” This 
conclusion is based on the fact that as boiling 
commences the heat-transfer coefficient often 
decreases and does not return to its nonboiling 
value until the wall temperature is about 70°C 
higher than that needed to initiate boiling. Al- 
though this conclusion may be peculiar to the 
experimental conditions and apparatus used in 
Ref. 20, it is an important one and probably 
justifies additional study. The investigation 
wherein the decrease in heat-transfer coeffi- 
cient with the onset of boiling was observed 
utilized the 50% pyrolytic HB-residue mixture; 
when the OMRE coolant was used as the work- 
ing fluid, small increases in the heat-transfer 
coefficient were noted at the onset of boiling. 
In any case the operation of an organic system 
in the nucleate-boiling regime appears ques- 
tionable. 


References 21 and 22 deal with the determi- 
nation of heat-transfer and void correlations 
during the forced-circulation boiling of organic 
coolants. Reference 21 is primarily a discus- 
Sion of the test loop used to determine the data, 
although it contains a correlation of the forced- 
convection heat transfer of Santowax R and an 
isopropyldiphenyl mixture. The same coolants 
were used in the experiments reported in Ref. 
22 to determine boiling-heat-transfer behavior, 
and Santowax R was used as a coolant in the 
void-fraction measurements. Coolant velocities 
from 5 to 14 ft/sec were utilized at system 
pressures from 15 to 35 psia. The boiling-heat- 
transfer data were compared with correlations 
of Levy, Rohsenow, and Forster-Greif. Graph- 
ical comparisons are given in Ref. 22, and, in 
general, the equation of Levy represented the 
data best. The void-fraction data for Santowax 
R were classified into three regions: region I 
covering subcooled boiling for coolant sub- 
coolings greater than 8°F, region II covering 
the transition from subcooled equilibrium bulk 
boiling, and region ID covering equilibrium 
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bulk boiling at qualities greater than 0.0 - 
correlation is developed in Ref. 22 for the s: 
cooled and transitional boiling, and the bh: 
boiling void fraction was correlated wit = 
Lockhart-Martinelli curve. The reference ::. 
cludes with a discussion of the physical pr. 
erties of isopropyldiphenyl and Santowax R. 
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Section 


II Fuel Elements 


Power Reoctor Technology 


Cermet Fuels for Fast 
Reactors 


Development at the Oak Ridge National Labo- 
ratory (ORNL) of fuel-fabrication processes! 
for core B of the Enrico Fermi reactor has 
been concentrated? on 0.112-in.-thick flat cer- 
met plates containing 35 wt% UO, dispersed 
in, and clad with, type 347 stainless steel. 
Spheroidal oxide fuel particles with diameters 
of 105 to 149 u (—100 +140 mesh) were used.’ 
In the development program different tendencies 
for fragmentation and stringering were ob- 
served for different batches of the spheroidal 
UO, during roll-bonding operations. An attempt? 
was made to establish a specification that would 
permit the consistent purchase of spheroidal 
UO, with a high degree of reliability to mini- 
mize fragmentation and stringering during roll 
bonding. A number of control tests were devised 
in an attempt to characterize different batches 
of powder. The method of evaluation was to 
compare metallographically the stringering and 
fragmentation in rolled plates made with mate- 
rial from each batch of UO, with that of rolled 
plates fabricated with fused and ground mate- 
rial. Oxide batches with performances equal 
to or poorer than the standard were rated as 
unacceptable, and those with performances su- 
perior to the reference were classified in their 
relative order of quality. Results of the char- 
acterization tests reported in Ref. 3 are sum- 
marized as follows: 

1. Microhardness. Good particles with low 
porosity and high bulk density cracked severely. 
No correlation with performance during roll 
bonding could be established. 

2. Attrition. Correlations could not be estab- 
lished. 

3. Crushing strength. Results of simple test 
procedures were capable of differentiating good 
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from poor batches. Differentiation of a lar: 
amount of material in the intermediate categ-- 
could not be made. However, it was felt * 
more exotic test procedures, requiring lai: 
expenditures of time and effort, might be -- 
veloped to permit better differentiation of - 
intermediate batches. 

4. Grain size. No correlations could be«: 
tablished. 

9. Surface area. The Brunauer-Emmé¢: 
Teller (BET) method, using N, and krypton, w- 
employed. No correlations could be found. . 
is interesting to note that differences as grt- 
as 40% were observed between BET measur:- 
ments made at ORNL and fuel vendors, althou:. 
repetitive measurements at ORNL exhib: 
reasonably high degrees of reproducibility. 

6. Bulk density. Mercury-pycnometer mé:- 
surements were capable of differentiating *- 
tween the highest and lowest grades of UO; t- 
were not capable of separating acceptable m:- 
terial from intermediate grades of UO.. 

T. Solid embedment. Density determinati- 
on particles embedded in epoxy resin, wt:. 
combined with empirical density correctc= 
based on metallographic observations, provid: 
the best correlations. 








On the basis of the above evaluations, it w 
concluded that the mercury-pycnometer mett - 
would provide gross classification of obvious. 
acceptable and unacceptable batches. A mi>- 
mum density of 10.1 g/cm® was set as a low 
limit for grade-A material, and material w- 
a density below 9.8 g/cm? was classified :: 
unacceptable. Material having intermediate éc:- 
sities was classified as grades B or C.T 
solid-embedment technique could then be us 
to classify batches between these limits. 
Uranium dioxide powder that was classific 
in various grades below the optimum, as a = 
sult of the preceding test procedures, *= 
heated in hydrogen for 1 hr at 1750°C. Inter- 
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cƏrosity decreased, and the quality of all pow- 
«<r batches was increased as a result of this 
rc eatment. 

A rolling temperature of 1200°C was pre- 
š ously established for the Fermi prototype fuel 
R ements on the bases that the shape of the UO, 
=articles was retained and that the condition of 
me plate surfaces was acceptable. A reevalua- 
LOn of rolling temperatures from 900 to 1250°C 
ras made? using the standard Fermi prototype 
@lling schedule, the best-rated UO, powder 
zatches, and a loading of 33 wt.% UO,. 

Results are summarized as follows: 

1. Surface finish. Rolling above 1050°C pro- 
taced a mat finish, whereas lower rolling tem- 
€e ratures provided a satin-smooth finish that 
ras free of pits. 

2. Fragmentation and sintering. In all cases 
his was not excessive but increased with de- 
-rreasing rolling temperature. 

3. Density of cermet fuel. In all cases this 
vas insensitive to the rolling temperature 
vithin the range evaluated. 

4. Core-cladding bond. Bonding occurred at 
.11 temperatures. Grain coarsening became ex- 
-essive at temperatures greater than 1150°C. 


Jn the basis of the preceding results, it was 
‘-oncluded that the optimum rolling temperature 
vas 1150°C. Other investigations? indicated that 
-Old rolling severely fragmented the cermets 
made with either optimum- or poor-quality 
»xide and that fragmentation of the oxide was 
»>nhanced if too small an initial reduction was 
ised in plate rolling. It was demonstrated‘ that 
he performance of fuel elements containing 
JO, -stainless-steel cermets clad with stain- 
ess Steel is, under thermal-cycling conditions 
somewhat comparable to those anticipated dur- 
ng large changes in reactor power levels, a 
unction of the fabrication method employed. 
nvestigations centered on stainless-steel-clad 
-ermet fuel plates containing 40 to 50 vol.% 
JO>s. These studies included evaluation of hot 
sompacted, as well as cold compacted and sin- 
‘ered, cermet cores and clad plates that were 
ot rolled at 1100°C to reductions in area from 
30 to 90%. The cermet cores in these rolled 
ylates were fabricated either from random- 
mixed or homogenized-mixed* cermet cores. 


* Random-mixed cores are formed from mixtures 
pf UO, and stainless-steel particles. Homogenized- 
mixed cores are formed from mixtures of stainless- 
Bteel powder and UO, spheres which have been pre- 
boated with stainless-steel powder. 
| 
| 
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The thermal-cycling tests performed‘ on 
these materials employed a hot-leg tempera- 
ture of 800°C with the cold leg either at 250°C 
or at room temperature. Holding times and 
transfer times were varied in the different 
tests; however, the most significant results 
were obtained from tests of up to 1000 cycles 
at a heating rate of 60 to 70°C/sec and a cool- 
ing rate of 250°C/sec. 

Examination of the as-rolled plates indicated 
excesSive stringering in the random-mixed 
cores and a relatively uniform dispersion of the 
UO, in the homogenized-mixed cores. Stringer- 
ing in the random-mixed cores increased with 
increasing reductions. In the homogenized- 
mixed cores, there was no evidence of large 
agglomerates, stringering, or cracking of the 
UO,. Performance of the homogenized-mixed 
samples during cycling was superior to that 
for the random-mixed cores. Sigma-phase for- 
mation was observed in the type 316L stainless- 
steel core. The amount of sigma increased with 
increasing number of cycles and was probably 
associated with the amount of time at 800°C 
in each cycle. On the basis of the observed 
distribution of carbides and sigma phase after 
cycling, it was concluded that these would not 
be deleterious to performance. 

Although additional details are not given in 
Ref. 4, it is stated that new fabrication methods 
had been developed to produce plates of im- 
proved quality which would provide better ther- 
mal-cycling stability. 

It was concluded‘ that stainless-steel-clad 
cermets containing 40 to 50 vol.% UO, —stain- 
less steél, prepared by the homogenized-mixed- 
core process, could withstand 1000 thermal 
cycles up to 800°C at heating and cooling rates 
up to 70 and 250°C/sec. The following condi- 
tions must be met‘ to provide good resistance 
to thermal cycling: 

1. Elimination of continuous interparticle net- 
works in the core 

2. Use of spheroidal UO, that is well dis- 
persed in the core 

3. Use of spheroids with minimum internal 
stress and high resistance to fragmentation 

4. Good initial bonding between cermet core 
and picture-frame cladding 


The use of Dynapak and a combination of 
Dynapak plus swaging is under development? at 
Los Alamos for the fabrication of refractory- 
metal-clad 45 vol.% UO,- tungsten cermet fuels. 
The program is aimed at determining the fea- 
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sibility of coextruding refractory-metal-clad 
cermet fuel elements. Work has been concen- 
trated on a cermet made from 2-u tungsten 
powder and 20-y UO, powder which was hydro- 
statically pressed into 1'4-in.-diameter cylin- 
ders at either 50,000 or 70,000 psi. These 
compacts were induction sintered at 2200°C for 
2 hr. Slow heating (4 hr) and cooling (2% hr) 
cycles were required to minimize thermal- 
stress cracking. After the pellets were sintered, 
they were machined to dimensions of 1 in. in 
diameter by 1 in. long; their density was 85% 
of theoretical. Coextrusion billets were pre- 
pared by loading the machined pellets with a 
light press fit into cans of either molybdenum, 
70 wt.% molybdenum—tungsten, or 25 wt.% 
molybdenum — tungsten and then electron-beam 
welding the lids. These billets were extruded 
in air, with glass wool as a lubricant, after 
they were preheated in H, to about 2000°C. 
Typical conditions included a fire pressure of 
750 to 900 psi, velocity at contact from 460 to 
540 in./sec, and extrusion ratios of 4 to 9. 
Typical yields ranged from 75 to 100% for 
finished lengths and diameters from 4%, to 
7, in. and 0.47 to 0.75 in. Although the cermet 
bond was uneven as a result of the penetration 
of UO, particles into the cladding, core-to- 
cladding bonding was generally good for all 
rods, and the bond quality increased with in- 
creasing extrusion ratio. 


One rod clad with 25% molybdenum — tungsten 
and coextruded to a reduction in area of 89% 
was further reduced 75% in area by swaging at 
1800°C (first third of reduction) and then at 
1500°C. The surface appearance and bond quality 
were good. It was indicated that further reduc- 
tions were possible. 


It was suggested? that improvements in both 
fabrication and performance could be achieved 
with a 25 wt.% molybdenum —tungsten alloy for 
the cermet as well as for the cladding. Advan- 
tages claimed for this alloy are compatibility 
with H, and UO), availability, low relative cost, 
good high-temperature strength, and a melting 
point in excess of 3100°C. Furthermore, this 
alloy is less dense and is simpler to fabricate 
than tungsten. The success to date with Dynapak 
extrusions, as well as the potential advantages 
that can be gained through the useofthe 25 wt.% 
molybdenum — tungsten alloy, have led to sug- 
gested programs at Los Alamos involving the 
extrusion of other shapes, the use of higher UO, 
loadings, and thinner cladding. 


Vol. ë, "<= | 


Fabrication of Various 


Fuel Assemblies 


As part of the Fuel Cycle Program oi = 
U. S. Atomic Energy Commission (AEC), = 
Atomic Power Equipment Department (AF= 
of the General Electric Company initiate:. 
program aimed at extending the perform: 
capabilities of UO, fuel elements in bom 
water reactors. Under this program 12 spe: 
assemblies have been fabricated and inserte:. 
the Vallecitos Boiling Water Reactor (VB*. 
for irradiation testing. Detailed description 
the fabrication of 3 of these special assemtl-: 
are given in Refs. 6, 7, and 10. The APED:: 
under the Fuel Cycle Program has been :- 
viewed previously in Power Reactor Techno. 
7(1): 27-50, and 17(4): 354-355. The rep: 
reviewed here present fabrication details: 
available when the earlier reviews were pr- 
pared; some repetition has been allowec i 
convenience of reading. 


The AEC Fuel Cycle Special Assembly :- 
containing 16 fuel rods in a 4 by 4 array, >: 
aimed® at demonstrating the performance oft: | 
thin (0.005 in.) type 304 stainless-steel claddi:. 
The selection of the 0.005-in.-thick cladding‘: 
the program was based upon the realizationt- 
this represented the thinnest available stainles:- 
steel tubing capable of performing a cladi= 
function. Of the 16 fuel rods inthe 8L assent. 
12 contained UO, with thin cladding. The cor: 
rods had heavier cladding (0.015 in.) to redi- 
the probability of damage to the fuel assem:: 
during handling. The 12 test rods, about 4¢ :- 
long, contained 4,58% enriched-UO, pelle: 
which were 0.370 in, in diameter and vt. 
were clad with -hard stainless-steel tubi: 
A 17-in.-long fission-gas plenum was desigr* 
to accommodate 100% gas release at twice t= 
target burnup. In an effort to minimize wr:- 
kling of the cladding, the cladding was sw2a-. 
over the pellets, providing anominal rod diar- 
ter of 0.380 in. Target heat flux and burz- 
were 500,000 Btu/(hr)(sq ft) and 10,000 Mr 
ton, respectively. At this heat flux a differez:: - 
diametral expansion between the fuel anit 
cladding of 0.0035 in. was calculated, wt- 
would result in plastic straining of the cladd- 
Cladding-stress calculations, materials sp: 
fications, element design, cladding fabricat: 
and evaluation, fuel-pellet fabrication, fuel-:- 
fabrication, and results of preirradiation t=. 
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tre discussed and described in detail in Ref. 6. 
rradiation testing of this special element was 
egun in November 1961 and was terminated in 
2ecember 1963 as a result of the final shutdown 
f the VBWR. 

The AEC Fuel Cycle Special Assembly 9L 
-Ontained UO,-molybdenum cermet fuel.’ Molyb- 
lemum additions were made in an attempt to 
ncrease the thermal conductivity of UO,. Vac- 
turm hot-pressing techniques were used to pro- 
luce the two types of cermet pellets utilized 
n this assembly: (1) pellets containing 20 vol.% 
molybdenum fibers had densities of 94 to 95% 
theoretical and (2) pellets fabricated from 
nolybdenum-coated UO,, containing approxi- 
mately 16 vol.% molybdenum, had densities of 
1⁄4 to 96% of theoretical. Radial orientation of 
he molybdenum fibers in the pellets was 
tchieved by means of unidirectional compaction. 
fot pressing of the molybdenum-coated UO, 
articles provided a continuous molybdenum 
1etwork. The forms of UO,-molybdenum cer- 
nets selected for the program were based on 
he intent to cover the largest possible range 
>f difference in the mode of metal-phase distri- 
sution. Three fuel rods fabricated with each of 
he two types of uranium-molybdenum cermets 
were combined with two rods of conventional 
JO, pellet design to form the eight-rod Special 
Assembly 9L. All fuel cladding was type 304 
stainless steel with an outside diameter of 
).515 in., a wall thickness of 0.020 in., anda 
yellet-to-cladding diametral clearance of 0.003 
© 0.004 in. The objective of this test was to 
compare the performances of the cermet fuels 
and UO, after operation at a surface heat flux 
>f 500,000 Btu/(hr)(sq ft) and a burnup ap- 
sroaching 15,000 Mwd/ton. Irradiation testing 
was begun in the VBWR in September 1962 and 
was terminated at the final shutdown of the 
VBWR in December 1963. The impetus for this 
series of irradiation tests was based on out-of- 
sile thermal-conductivity data®’ obtained for 
UOz-Mo and UO,-ThO,-Nb (10 to 30 vol% metal) 
which indicated potential improvements of 300%. 
Calculations of axial and radial temperature 
profiles anticipated for the cermet rods and the 
bulk UO, rods indicated substantial differences. 
Relative performance could then be judged by an 
analysis of microstructure data. Details of these 
calculations, as well as fuel-element-design 
characteristics, materials specifications, fabri- 
cation procedures, and results of preirradiation 
evaluations, are given in Ref. 7, 
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The AEC Fuel Cycle Special Assembly 11L 
contained!" sintered UO, extrusions prepared in- 
dependently under two different projects. One 
project was sponsored by the United States— 
Euratom Joint Research and Development Pro- 
gram at Compagnie Industrielle des Combusti- 
bles Atomiques Frittés (CICAF). The other 
project was a joint effort of the Allis-Chalmers 
Mfg. Co. and The Electric Autolite Co, (AC-EA) 
as part of the AEC Fuel Cycle Program. Fuel 
densities achieved were 97.6 and 96.2% of the 
theoretical density for the CICAF and AC-EA 
sintered extrusions. A 16-rod (4 by 4) assembly 
was fabricated for testing in the VBWR at a 
surface heat flux of 400,000 Btu/(hr)(sq ft). It 
contained 12 rods fabricated with sintered ex- 
trusions (6 from each program) and 4 pellet 
rods for comparison, The cladding was '4-hard 
type 304 weld-drawn stainless steel with an 
outside diameter of 0.540 in. and a wall thick- 
ness of 0.022 in. Extrusion processes, descrip- 
tions of extrusions, fabrication and assembly 
procedures for fuel rods, irradiation design 
criteria, materials specifications, and results 
of preirradiation examinations are reported in 
considerable detail in Ref. 10. Results of some 
of the VBWR irradiations are summarized in 
two 1964 Geneva Conference papers (Refs. 11 
and 12), 

Hanford has published detailed specifications 
for swage compaction!® and vibratory compac- 
tion (VIPAC) of mixed oxide (UO,-Pu0O,) fuel 
in Zircaloy cladding for the Mark I-M, 19-rod 
clusters being irradiated in the Plutonium Re- 
cycle Test Reactor (PRTR). Fuel for the swag- 
ing process and the VIPAC process is a mixture 
of UO, and PuO, formed by a high-energy~rate 
pneumatic-impaction (NUPAC) method that 
yields fuel particles with a density greater than 
97% of the theoretical density. 

Ten full-sized sodium-bonded uranium car- 
bide fuel assemblies of hypostoichiometric com- 
position were fabricated! by Atomics Interna- 
tional for testing in the Hallam Nuclear Power 
Facility. The objectives of the program, in 
addition to the irradiation testing of sodium- 
bonded fuel elements in the Hallam reactor, 
included the development of fabrication methods 
for carbide, the evaluation of storage conditions 
for cast carbide, and the development of 
sodium-bonding techniques and nondestructive 
test methods, 

Each clad fuel rod!® was about 182 in. long 
and 0.952 in. in diameter and ~contained a 
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uranium carbide fuel column 0.872 in. in di- 
ameter and 156 in. long. The radial sodium 
annulus between the fuel and the type 304 stain- 
less-steel cladding was 0.030 in.; helium gas 
at 1 atm occupied the region above the sodium 
level, Each fuel assembly contained eight fuel 
rods. Uranium carbide enrichment in eight 
assemblies was 3.7%, and in the remaining 
assemblies, 4.9%, One of the eight assemblies 
with the 3.7% enrichment contained thermo- 
couples located within the fuel and on the clad- 
ding surface. 

The fabrication and inspection methods used 
for these sodium-bonded fuel elements are 
described in detail in Ref. 15. A number of 
significant observations are summarized below: 

1. Uranium dioxide feed was converted to 
UC melt stock by the carbothermic reaction. 

2. Better control of carbon content was at- 
tained for melt stock containing less than 
500 ppm oxygen. The melt stock of lower oxy- 
gen content gave less splatter of the melt on 
the graphite electrode and thus less erratic 
carbon pickup. 

3. Compensation of carbon pickup from the 
electrode was made by means of uranium- 
metal additions. 

4. Metallographic determinations of carbon 
content near stoichiometric (4.6 to 4.8 wt.% 
carbon), based on comparison with controls, 
were more accurate than the analytical meth- 
ods employed. 

5. Dry storage was demonstrated to be ef- 
fective, provided that prescribed fuel-prepara- 
tion and fuel-storage conditions are followed. 

6. Dry cutting methods were developed. ° 

7. Proper fuel cleanliness was a necessary 
prerequisite for good sodium bonding. 


Zircaloy-2-clad tubular fuel elements con- 
taining thorium—2.5 wt.% uranium (93.2% en- 
riched)—1 wt.% zirconium fuel alloy were fab- 
ricated'® for irradiation testing in the P-7 
high-temperature high-pressure water loop of 
the Engineering Test Reactor (ETR). Fabrica- 
tion development, including arc-melting tech- 
niques, coextrusion procedures, metallurgical 
evaluation, and fuel-element-assembly proce- 
dures, is described. It was shown that the 
zirconium addition to the base fuel composition 
improved the surface quality of arc-cast ingot, 
improved uranium homogeneity, lowered the 
fuel-alloy hardness, and was beneficial in con- 
sumable-electrode fabrication. Fully bonded 
tubular fuel, 1.750 in. in outside diameter by 


1.050 in. in inside diameter with 0.023- 
thick Zircaloy cladding on both the outside : 
inside diameters, was produced by coextr-:. 
at 760°C at a reduction ratio of 17 to 1l.:. 
elements 8 in. in length were closed by braz- 
Zircaloy-2 end caps with 5 wt.% beryl- 
Zircaloy-2 alloy, followed by electron-!-- 
welding of the braze line. Three fuel elem::. 
were charged in the P-7 loop in April 196: - 
were operating at a maximum specific p 
of 230 kw/ft, a peak heat flux of 1.12: 
Btu/(hr)(sq ft), and a maximum calculated t. 
temperature of 620°C. Interim measureme:: 
fuel density will be made throughout the .- 
radiation in which the target has a burm . 
3 at.%, or approximately 26,000 Mwd/‘ton. 
Information on the potential for plutoniu- 
enriched fuel in pressurized-water react: 
will be obtained!’ as a result of the Sax 
Plutonium Project. Nine fuel assemblies ¢: 
taining PuO,-UO, are to be irradiated at - 
center of the Saxton core, and 12 stainle::. 
steel-clad assemblies containing UO, are tc: 
irradiated at the core periphery. Two of -- 
plutonium fuel assemblies will contain Pit - 
UO, fuel that has been vibratorily compac: 
into Zircaloy-4 tubes; the remaining pluton:-- 
fuel assemblies will contain PuOQ,-UO, peliz: 
in a Zircaloy-4 cladding. Zircaloy was selec: 
over stainless steel as the cladding mater- 
for the plutonium-containing elements beca: 
it provides higher initial reactivity and lom:: 
lifetime for a given plutonium enrichment, Eq: 
heat ratings are contemplated for both typ: 
of plutonium- containing fuel elements. Descri:- 
tions of the fuel and fuel rods are summarize 
in Tables III-1 and II-2. Nuclear Materials - 
Equipment Corp. will supply the pelletize 


Table Ill-1 FUEL-ROD DETAILS FOR THE SAXTON 
PLUTONIUM PROJECT" 








Plutonium Uram.: 
Cladding material Zircaloy 304 S.S 
Cladding thickness, in. 0.023 0.015 
Cladding outside diameter, in. 0.391 0.391 
Diametral gap, in. 0.005 for OCK 

pelletized 


0.0 for VIPAC 





plutonium-containing fuel elements, and tti 
VIPAC fuel elements will be fabricated" t 
Hanford from feed material prepared by tè 
Dynapak process. 








ring 1965 


131 


Table Ill-2 FUEL DETAILS FOR THE SAXTON PLUTONIUM PROJECT" 


Material 6 wt.% PuO,—94 wt.% UO, 
Type Pelletized 

Diameter, in. 0.340 

Density, % of theoretical 94 

Enrichment 6 wt.% Pu 


6 wt.% PuO,—94 wt.% UO, UO, 


VIPAC Pelletized 
0.345 0.357 

88 93 

6 wt.% Pu 5.7 wt.% 23SU 


Isotopic content of Pu, % 


239 pu 
20 pu 
241 Pu 
%42 py 


Insertion of the plutonium-containing fuel 
ssemblies in the Saxton reactor is scheduled 
Ər July, and plans are that these fuel assem- 
lies will be irradiated for two years. Post- 
rradiation examination and analysis are 
icheduled for the period January 1968 to Feb- 
uary 1969. A maximum fuel-rod heat rating 
y£ 16 kw/ft has been established! for the 
Zircaloy-4-clad PuO,-UO, fuel rods. The fol- 
.Owing comments on hydrogen pickup and oxide 
thickness on the cladding are quoted from 
Ref. 17: 


The hydrogen pickup by the Zircaloy clad and the 
thickness of the ZrO, coating formed in-pile were 
calculated for linear rod powers of 16 kw/ft and 
assuming 40% down time for the reactor. The re- 
sults showed that the hydrogen level at the end of 
life, 130 ppm, will be considerably below the level 
at which hydride problems occur. The ZrO, coating 
thickness and the temperature drop across the 
coating were found to be negligible. 


Also from Ref, 17 a survey of performance 
of VIPAC fuel in other test programs is sum- 
marized as follows: 


1. Based on technology already developed at the 
national laboratories, no defects in vibrationally 
compacted fuel rods are anticipated. 


2. The results of the national laboratory experi- 
ments show that no significant fuel washout and no 
waterlogging results from defects in rods contain- 
ing loose powder fuel. 


3. The economic incentives for developing 
vibratory compacted PuQ,-UO, fuels and the pres- 
ent state-of-the-art provide strong motivation for 
carrying out engineering demonstration tests in the 
Saxton reactor. 
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Section 


lV Components 


Power Reactor Technology 


‘BR-II Control-Drive 


A echanisms 


‘he Experimental Breeder Reactor II (EBR-II) 
s controlled by 12 hexagonal-shaped control 
ulbassemblies, moved vertically by 12 rack- 
md-pinion type electromechanical drive mech- 
misms. These are capable of scramming the 
Oontrol assemblies with an acceleration of 1.5 
, with a pneumatic cylinder providing the as- 
ist to attain this acceleration. The design 
troke for the mechanism is 14 in. The control 
ssembly was described in the EBR-II hazards 
ummary report (Ref. 1) that was issued in 
Lay 1957. Some of the novel features of the 
1echanism (shown in Fig. IV-1) are as fol- 
ws: 

1. The mechanism has internal and external 
ellows seals that are fabricated from 0.010- 
1.-thick stainless-steel sheet to maintain ves- 
el integrity. 

2. A sensing-device shaft is used to indicate 
'hether the control assembly is engaged to the 
1echanism. This sensing shaft is housed within 
ye 26-ft-long main shaft. 

3. A pneumatic cylinder at the top of the 
ain shaft is used to accelerate the control 
ssembly during a scram. Normal pressure in 
ye cylinder is 30 psig. 

4. An oil-filled dashpot decelerates the con- 
rol assembly during the final 4% in. of scram. 

5. All the control-assembly drive mecha- 
isms are mounted on a single platform. This 
latform can be raised 3 in. to check the con- 
rol-assembly grippers to ensure that they are 
isengaged and are clear of the adapters of 
ther subassemblies in the core. The platform 
3 lowered yA in. from its normal operating 
osition to engage the control assemblies. 

6. A labyrinth seal is used to limit the flow 
ast the shaft bearing in the vessel cover. 


Extensive testing was performed on 2 proto- 
type drive mechanisms and on 1 of the 14 
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Fig. IV-1 Simplified drawing of components of the 
EBR-II control-rod drive.* 
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production mechanisms that were fabricated.’ 
Table IV-1 summarizes the testing details. 


Table IV-1 CONTROL-MECHANISM TESTING? 


No. of No. of 

Environ- Tempera- full-stroke gripper No. of 
Rod ment ture, °F cycles operations scrams 
P-1 Air Room 300 

Sodium 300 to 900 13,200 24 
P-2 Air Room 31,440 

Sodium 300 to 900 1,680 15 35 
F-1 Air Room 900 20 120 

Air 800 700 6 5 

Sodium 750 1,100 18 80 


All these tests were performed with no signif- 
icant problems. Furthermore, all the produc- 
tion rods were tested in place, and only minor 
adjustments were required. However, during a 
recent scram of the EBR-II, 2 of the 12 rods 
became stuck (rods 7 and 9).° Rod 9 was broken 
loose by applying a 200-lb force. The rod was 
then exercised by using a lifting force of 350 to 
550 lb and slight mallet taps to assist its down- 
ward travel. After some exercise it resumed 
normal operation. Rod 7 required the fabrica- 
tion of special tools to break it loose. It was 
determined that the main shaft for the rod was 
sticking in a 29'/-in.-long Stellite sleeve in the 
reactor-vessel cover. This sleeve is the lower 
guide bearing for the control-assembly shaft 
(Fig. IV-2) and also serves as a Seal between 
the sodium inside the reactor vessel and the 
bulk storage outside the vessel. So that the 
leakage can be reduced, each main shaft con- 
tains 23 labyrinth grooves, as shown in the fig- 
ure, The nominal radial clearance between the 
outside diameter of the main-shaft lands and 
the inside diameter of the sleeve is 0.015 in. 
It is reported in Ref. 3 that a special tool, which 
applied axial and rotational forces to the stuck 
shaft, performed successfully the task of loos- 
ening the seized shaft. 


Process Tubes 
and Fittings for the NPR 


The New Production Reactor (NPR; also 
called the N Reactor) is a graphite-moderated 
pressure-tube reactor designed to operate at a 
coolant pressure of 1600 psi and a temperature 
of 300°C. The reactor requires 1064 Zircaloy- 
2 pressure tubes that are 57 ft long, 3.25 in. in 
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Fig IV-2 Main-shaft seal through the EBR-I i 
tor-vessel cover. 


diameter, and 0.25 in. in wall thickness, as¥:- 
as a considerable number of fittings, conne- 
tors, and transition joints. Reference 4 isi 
descriptive summary of a development pr: 
order and a competitive-bid program for pr 
curement of the pressure tubes. The procedure 
used for this program were required because“ 
the lack of manufacturing technology and > 
dustrial experience with this relatively big 
cost material and because of the stringent w- 
ity and dimensional requirements specif 

The initial phase of the program consiste: 
of developmental contracts to three vendors = 
a best-efforts basis. The second, or pilotarés. 
phase was awarded to the three vendors o ! 
negotiated basis. The final phase was. “aga 
plished on the basis of a 
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Sduct-guaranteed, fixed-price contract. This 
2curement effort developed an industrial cap- 
Llity for producing heavy-walled Zircaloy tub- 
r to reactor-application specifications‘ and 
vered the full range of processes from ingot 
finished product. The effort included the de- 
lopment of (1) specifications that indicate 
> level of quality to which such tubing can be 
Oduced and (2) commensurate inspection and 
ality-control requirements. 

Technical problems in the selection, man- 
acture, installation, and testing of primary- 
op fittings are discussed in Ref. 5. The fittings 
Cluded the rolled-joint connections between 
rcaloy and carbon steel, a mechanical “make- 
A-break” coupling, a venturi assembly, mani- 
ld piping, and valve-body material. The leak- 
rht roller joint, shown in Fig. IV-3, was 
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Fig. IV-3 NPR inlet rolled joint.’ 


esigned for 1800 psi at 600°F and to withstand 
hermal shock from sudden coolant-temperature 
hanges. This joint was selected over eight 
ther mechanical type joints on the basis of 
iuperior strength and low-leakage qualities. 
n this type of connection, the Zircaloy tube is 
‘olled into the grooved carbon-steel nozzle by 
neans of an expander mandrel that provides 
or a 12% wall-thickness reduction. The roll- 
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ing process forces Zircaloy into the grooves and 
provides a joint that is judged to be structurally 
sound and reliably leakproof. 

The quick-connection make-and-break me- 
chanical coupling was required to minimize the 
maintenance time at the faces of the reactor. 
Of 15 various candidate assemblies evaluated, 
the Grayloc type coupling was chosen for this 
application because of its ruggedness and re- 
sistance to leakage under different stress 
conditions and its clean internal-surface con- 
figuration. It features a two-stud split-clamp 
arrangement that causes axial loading of a ta- 
pered metal-seal member within the tapered 
bores of the coupling flanges. Spherical convex 
nuts and temporary shims are used during 
assembly of the coupling to minimize cocking 
and to maintain parallelism. Figure IV-4 shows 
the connector-coupling components. 





Fig IV-4 NPR connector-coupling components.’ 


The venturi throat assembly is used to moni- 
tor continuously the coolant flow in each of the 
connector pipes. The original design of this 
component specified a type 316 stainless-steel 
throat section to be mounted in a carbon-steel 
body by means of an interference fit. However, 
subsequent heat-treating operations caused 
loosening of the throat. The design was modi- 
fied by substituting Inconel for stainless steel 
on the throat section, thus minimizing the dif- 
ferential thermal expansion. Extending the tap 
connection into the throat component corrected 
the loosening of the throat component. 

The manifold piping on the NPR consists of 
over 100,000 ft of carbon-steel tubing of 2°/-in. 
outside diameter by 0.260-in. wall thickness. 
The piping connects the individual process tubes 
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to the 18-in. inlet and outlet headers. The con- 
nectors did not meet impact-strength require- 
ments after bending. This deficiency was at- 
tributed to limitations of the heat-treatment 
equipment used in the manufacture. It was 
subsequently corrected by additional heat-treat- 
ment, and thereafter the tubing met specified 
impact-strength requirements. The valve bod- 
ies of both forged and cast types failed to meet 
the impact-strength requirements specified. In 
some cases an additional grain-refinement 
treatment at 1550°F completely refined the 
structure, and notch toughness was raised above 
minimum values. In other cases detailed analy- 
sis of the metallurgical deficiency showed the 
need for a much more extensive modified heat- 
treatment procedure, in addition to some pre- 
heat-treatment machining operations, to bring 
the product above specified impact- and tensile- 
strength values. 
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V Specific Reactor Types 


Power Reactor Technology 


arge Pressurized-Water 
.eactors 


he trend toward interconnected power systems 
. the electric-utility industry has greatly in- 
reased the opportunities for reducing unit 
ywer-generating costs through the use of very 
urge plants. This trend has also focused at- 
»ntion on the question of the maximum capacity 
vailable from a single reactor in a nuclear 
lant. References 1 and 2 present the results 
[ a study by the Westinghouse Atomic Power 
vision for the U. S. Atomic Energy Commis- 
ion (AEC) to evaluate the technical feasibility 
nd economic potential of a 1000-Mw(e) all- 
uclear power plant incorporating a single 
ressurized-water reactor. The work was per- 
yrmed during the period May 1962 to March 
963. The results of the study command par- 
icular attention since the work was clearly 
ased on the extensive Large Closed Cycle 
Vater Reactor Research and Development (LRD) 
rogram that Westinghouse has been conducting 
ince 1960 in association with the San Onofre 
luclear Generating Station of the Southern 
-alifornia Edison Company. It is stated that 
he design philosophy adopted for the study 
‘epresents a modest extension of the technology 
O be employed in the 375-Mw(e) Southern 
salifornia Edison* and the 465-Mw/(e) Round 
‘AT plants. The conclusion from the study is 
hat the 1000-Mw/(e) reactor is technically 
easible and economically practical and that 
970 is a reasonable date for the commercial 
yperation of the plant. A $10.5 million research 
ind development program is outlined. The prin- 
‘ipal development problems lie in the area of 


*The Malibu Plant of the City of Los Angeles De- 
vartment of Water and Power. 
+The Connecticut Yankee Atomic Power Company. 


core physics and core development and result 
from the increased core size. 

Except for size the plant is similar to the 
present generation of pressurized-water reac- 
tors under contract, such as those for the San 
Onofre and Malibu stations. The plant has the 
following capabilities: 


Reactor, Mw (t) 3220 
Gross electrical generation, kw 1,058,000 
Net electrical generation, kw 1,002,400 
Cycle heat rate, Btu/kw-hr 10,377 
Full-load net station heat rate, 

Btu/kw-hr 10,363 
Net plant efficiency, % 31.1 


Of the principal reactor-plant components, 
only the reactor vesselrepresents a measurable 
extension of present-day fabrication techniques. 
Although the 615-ton vessel can be shop fabri- 
cated and erected at the hypothetical site se- 
lected for the study,{ transportation might be 
a limitation for less favorable sites. The pres- 
sure-vessel-design condition was 2500 psi at 
650°F, and the vessel was to be designed, 
manufactured, inspected, and stamped in ac- 
cordance with Sec. VII ofthe ASME Boiler and 
Pressure Vessel Code. Since this study was 
completed, Sec. HI, Rules for Construction of 
Nuclear Vessels, was approved and issued by 
the American Society of Mechanical Engineers. 
A discussion of the principal difference between 
the two code sections is presented in Ref. 3. 
The new Sec, III permits better utilization of 
the reactor-vessel material, resulting in a 
lighter weight vessel. For example, a reduction 
of more than 2 in. in thickness of the 202-in.-ID 
cylindrical section of the 1000-Mw(e) vessel 
can be achieved. Reference 3 concludes that 
the new code permits design of nuclear vessels 
for water-reactor plants up to 1500 Mw(e). 


tThe ‘‘Middletown’’ site employed in the AEC 
evaluation studies of utility reactors since 1959. 
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In the design study presented in Ref. 1, seven 
primary coolant loops are employed. Each loop 
contains a vertical U-tube steam generator 
having 32,726 sq ft of heat-transfer surface and 
a canned-motor single-speed centrifugal pump 
with a design flow capacity of 61,000 gal/min 
against a 280-ft head. The pump volute contains 
an integral center-guided check valve positioned 
between the suction nozzle and the impeller. 
No main coolant block valves are used. In 
present-day plants the use of the block valves 
seems to be a customer choice; Connecticut 
Yankee uses them, but Malibu does not. The 
main coolant piping is 27-in.-ID rolled and 
welded carbon steel clad internally with stain- 
less steel. The 3240-cu ft pressurizer vessel 
is connected to the hot leg of one reactor loop. 
The steam-generator design data are tabulated 
in Table V-1. 


Table V-1 DESIGN DATA! FOR STEAM GENERATOR 


Type Vertical U tube with 
integral steam drum 
Heat-transfer load, Btu/hr 15.729 x 10° 
Steam flow, lb/hr 2.014 x 106 
Design pressure, tube side, 2500 
psia 
Operating pressure, tube side, 2050 
psia 
Tube material Inconel 
Coolant flow in each side, 22.86 x 108 
lb/hr 
Coolant inlet temperature, °F 598 
Coolant outlet temperature, °F 546 
Shell-side full-load pressure 700 
at outlet, psia 
Full-load steam temperature 503 
at outlet, °F 
Maximum moisture at outlet VA 
(full load), % 
Shell-side design pressure, 1000 
psla 
Feedwater temperature at 442 
full load, °F 
Logarithmic mean temperature 65.5 
difference, °F 
Heat-transfer surface area, 32,726 
sq ft 
Dry weight, lb 903,800 
Flooded weight, 1b 738,800 


The reactor-plant containment is provided 
by a reinforced-concrete vertical right-circular 
cylindrical structure with a flat base and 
hemispherical dome. The dome has an inside 
radius of 81 ft, and the total inside height is 
211 ft. The structure is lined with a steel 
membrane '/, in. thick to make the container 
vaportight and gastight. The containment is 
Similar in design to the one built at Parr 


Vol. 8, Pax 


Shoals for the Carolinas-Virginia Nuclear Po~- 
er Associates, Inc. 

The turbine-generator represents a signi- 
cant extension of current practice. The turbr 
is of 4-cylinder single-shaft design, operat: 
at 1800 rpm, and turns a single 1,300,000-:.. 
hydrogen-intercooled generator. The throt:: 
pressure condition is 650-psia saturated stea: 
as in current practice. Exhaust from the singi- 
double-flow high-pressure cylinder passe: 
through six moisture separators and is rt- 
heated with steam at the throttle condition b- 
fore being expanded in the three double-flz: 
low-pressure cylinders. The entire high-pres- 
Sure-turbine casing and the last five stages :: 
each low-pressure-turbine casing are lined wit: 
stainless steel to minimize moisture corrosion. 
The low-pressure-turbine rotors are too large 
to ship completely assembled. The last tw 
stages of each low-pressure turbine are blade: 
in the field. Similarly, because of size an: 
weight, final assembly of the generator rotor 
and stator is performed in the field. 

The estimated power-generation cost for the ` 
plant based on a net generation of 1,002,400 kv ` 
is 5.77 mills/kw-hr, made up as follows: 


Capital 3.42 
Land, working capital, 


and nuclear insurance 0.27 
Fuel 1.83 
Operation and maintenance 0.25 

5.77 


The estimated total capital cost of the plants 
$165,084,000, including land and land rights. 
interest during construction, and contingency: 
the resulting unit cost is $165 per kilowatt. 
The 1.83 mills/kw-hr fuel cost is based on 2: 
equilibrium core utilizing zirconium-clad fuel. 
The first-core fuel-cycle cost for the reference 
elastically collapsed stainless-steel~clad core 
is 2.13 mills/kw-hr. The first-core fuel-cycle 
cost for the alternative freestanding stainless- 
steel-clad core is 2.23 mills/kw-hr. Fuel cost 
estimates were based on government ownership 
of uranium. 

The principal improvements and advances 
over current pressurized-water-reactor tech- 
nology are in the area of the core and the as- 
sociated reactor arrangement. Two designs 
were carried through in the study. The refer- 
ence design utilized short Zircaloy followers 
for the control-rod blades and elastically col- 
lapsed thin-walled stainless-steel cladding oa 
the fuel. The less-advanced alternate design | 
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employed full-length control-rod followers and 
freestanding stainless-steel cladding. Slightly 
enriched UO, is used as fuel in both designs. 
The alternate design resulted in an increase of 
reactor-vessel length of 8 ft. The consequent 
imcrease of reactor-coolant-system holdup was 
9%, and the increase in plant-container volume 
was 11%. The estimated capital-cost saving 
imcurred by choice of the reference design is 
approximately $3 million. Figure V-1 shows 
the reactor-vessel assembly for both the refer- 
ence and the alternate designs. 

The reference-design core is roughly cylin- 
drical in shape with an active height of 11 ft and 
an equivalent diameter of 12.8ft. The individual 
fuel elements consist of UO, pellets, 0.354 in. 
in diameter by 0.708 in. high, enclosed in 
stainless-steel tubes of 0.010-in. wall thickness. 
The cladding operates under an elastically col- 
lapsed condition, as described in Ref. 1: 


— 230.188-in. Dio. ——y 








In order to reduce the amount of steel in the re- 
actor core and improve neutron economy, elasti- 
cally collapsed 304 stainless steel was selected for 
the clad material. The normal fuel rod has an in- 
side diameter of 0.358 inches with a wall thickness 
of 0.010 inches +0.0005. The collapsed clad is de- 
signed to be elastically buckled between 1000 — 
1500 psia pressure. At zero power conditions the 
maximum stress in the clad will be localized at the 
inner surface of the vertices of the buckled clad 
and will approach the yield strength of the material. 
However, it is expected that the clad will be pushed 
back toward a circular shape by the fuel pellets as 
the reactor is brought from zero power to full 
power and that the maximum clad stress will be 
below the yield strength during normal operations. 


The fuel assemblies of the reference core 
consist of a basic 16-by-16 square array of 
fuel rods with 20 rods omitted from the pe- 
riphery of the assembly to provide space for 
control rods. A cross section of the fuel as- 
sembly and control rod is shown in Fig. V-2. 
The outermost row along the periphery of each 
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Fig. V-1 Reactor-vessel assembly for both the reference and alternate designs.' 
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ÇzzzzzzzzzZZzzz 
Flexible 
Zircoloy 
Follower : 
0.300 in.— WEE 
0.080 in. =E 1: 
oO 
Ta 
0.456 in HL 
Total no. 
required 
Fuel assemblies 264 
Control-rod slots 109 
Tubes per control rod 56 
Rods per fuel assembly 236 i 
@, solid stainless-steel 
corner rods 2 
O, 0.306-in.-OD fuel tube, 
0.010-in. cladding 40 
©, 0.378-in.-OD fuel tube, 
0.0285-in. cladding 8 
O, 0.378-in.-OD fuel tube, 
0.010-in. cladding 186 


fuel assembly consists of fue1 rods reduced in 
outside diameter from the normal 0.378 in. to 
0.306 in. In addition, two corner rods of each 
assembly in the vicinity of the greatest flux 
peaking were replaced by solid-steel rods, and 
thick cladding was used on eight fuel rods in 
selected high-power-density positions so that 
the fuel-pellet area was reduced to 80% of the 
normal area. All the fuel rods within an as- 
sembly have the same enrichment. The as- 
sortment of fuel-rod sizes was not needed in 
the alternate core that used full-length control- 
rod followers since the water gap producing 
high peaking factors in the adjacent fuel ele- 
ments was greatly reduced. The alternate core 
has the same active fuel length and equivalent 
diameter as the reference core. 
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Fig. V-2 A cross section of the fuel assembly and control rod.' 


The individual fuel rods are held mechani- 
cally within the fuel assembly by a metho 
generally similar to that being developed for 
the Round 3A plants. Support for the fuel rods 
is provided by a grid-clip assembly. Rows of 
clips are interlocked, as in an eggcrate desig. 
and are furnace brazed to form the grid. The 
grids are welded to a boxlike structure tha: 
forms the exterior of the fuel assembly. The 
structure is perforated to minimize the amount 
of steel in the system and to allow coolant flow 
between adjacent assemblies. Fuel rods ar 
inserted through the grids and are held in place 
by clips or fingers extending from the gr 
pieces. The clip support is lateral only, and 
the rods are free to expand axially between the 
end plates. The end plates and nozzles are 
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Welded to the unit after all the fuel rods are 
-ruserted to complete the fuel assembly. 

Figure V-3 shows the core cross section. 
The core contains 264 identical fuel assemblies 
amd 109 individually driven cruciform control 
rods. The rod pattern is such that every in- 
ce rnal fuel assembly has a rod centered ad- 
jacent to each of two corners on the diagonal of 
the assembly. The absorber section is fabri- 
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The Westinghouse workers studied’? several 
methods of cycling the fuel assemblies in the 
core. Their purpose was to determine a suit- 
able means of achieving the lifetime require- 
ments while holding the maximum-to-average 
radial power-density ratio to the limit of 1.5, 
which is required before the design thermal 
output can be reached. As is usually the case 
for reactors of large size and high burnup, the 


Table V-2 CHARACTERISTICS OF DIFFERENT REFUELING METHODS 
FOR A 1000-MW(e) PRESSURIZED WATER REACTOR? 


(Feed Enrichment Is 3.4 Wt.% in All Cases) 


Discharge 

Refueling method* burnup 
Uniform batch 15,250 
Out-in 

3 region—3 cycle 20,440 

5 region—5 cycle 21,960 
3-region 3-1-2 21,740 
Roundelay 3-batch 23,290 
Roundelay 5-batch 25,830 


Burnup/ Power ratio Ky nitial 
batch burnup Prax{radial)/Pay, (no Xe) 
1.00 1.99 1.229 
1.34 1.96 1.126 
1.44 1.92 1.095 
1.43 2.28 1.158 
1.53 1.35f 1.116 
1.69 1.22f 1.081 


*In the out-in refueling method, fresh fuel is fed to the outermost of several con- 
centric fuel regions and subsequently moved inward at each refueling cycle. Spent 
fuel is removed from theinnermost region. The 3-region 3-1-2 method is a variation 
in which fresh fuel is loaded into the intermediate region of a 3-region core. The 
numbering sequence taken in inverse order identifies the region in which the fuel is 
successively placed, the regions being numbered from out to in. In the Roundelay 
method the core is divided into a large number of adjacent regions, each of which has 
a number of fuel batches (usually one assembly is a batch). At every refueling cycle 
a spent fuel batch is removed and replaced by a fresh batch in each region. The par- 


tially spent fuel is never moved. 


t These values do not include local ‘‘ripple’’ effects. 


cated from 0.275-in.-diameter rods of 80-15-5 
silver-indium-cadmium alloy inserted into 
stainless-steel tubes. The tubes are welded to- 
gether to form a cruciform, as shown in 
Fig. V-2. Zircaloy followers are attached to 
the bottom of the absorber section. In the 
reference core the follower is 3.7 ft long. In 
the alternate core the length of the follower is 
equal to the full core length of 11 ft. The func- 
tion of the short follower in the reference core 
is to reduce bypass flow in the control-rod slot 
and to promote flow mixing between the fuel 
assemblies. 

The nuclear design of the core is tied inti- 
mately to the intended method of fuel manage- 
ment because of the large size and high fuel 
burnup. The fuel loading is 125 metric tons of 
uranium. The average burnup for the equilib- 
brium core is 24,000 Mwd per metric ton of 
uranium. This corresponds to a core life of 
22,370 EFPH (effective full-power hours) or 
about 7,460 hr per refueling cycle and results 
in a refueling period of 12.7 months on the basis 
of an 0.80 plant factor. 


regionwise out-to-in cycling methods were rela- 
tively unattractive. The results of the survey 
of various refueling methods are summarized 
in Table V-2. The uniform-batch core was 
calculated for comparison only. Both the 3- 
region—3-cycle and 5-region—5-cycle shuffles 
failed to meet either the burnup with the se- 
lected feed enrichment or the power-distribu- 
tion requirements. The 3-region 3-1-2 shuffle, 
in which fresh fuel assemblies are inserted in 
the intermediate region, was tried since the 
results of the out-in cycle studies indicated that 
the coupling between fresh and burned fuel must 
be increased to obtain higher burnup and satis- 
factory power distribution. The trial was un- 
successful, and it was concluded that, whenever 
a sizable fraction of a large core is replaced 
by fresh fuel, a large power peak always oc- 
curs in that region, and the remainder of the 
core serves as a multiplying reflector. The 
method of fuel management proposed, which 
avoids regionwise cycling, is designated 
“Roundelay multibatch.” In the equilibrium cy- 
cle fresh elements are inserted,in a uniform 
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distribution throughout the core at each re- 
fueling operation. For example, with Roundelay 
3-batch, every third element is replaced, and 
the other elements are left in place. In Fig. V-3 
the fuel assemblies are numbered in the order 


Vessel I Thermol Shield, f 





150.458-in. Core Width 


150.498-in. Inside Baffie Width 


Fig. V-3 Cross section of uessel core.1 


in which they might be replaced in the refer- 
ence core; during one refueling all No. 1 fuel 
assemblies would be replaced, and so on. It 
was found that the mixing of the fresh and 
burned fuel assemblies produces strong coupling 
between them and permits improved power 
production from the burned elements. The im- 
proved burnup is evident in the results shown 
in Table V-2. The favorable values of maxi- 
mum-to-average power ratio are illusory, how- 
ever, since the survey study did not take into 
consideration the “ripple” on the overall power 
distribution resulting from significantly dif- 
ferent power production from adjacent fuel 
assemblies with greatly different burnup. Asa 
result the reference core failed to meet the 
design criteria, although two changes were 
proposed to permit it to do so, as follows. 


1. Reduce the local power ripple by increas- 
ing the number of fuel assemblies. A 673-fuel- 
assembly core with a 10-by-10 fuel-rod array 
showed a much improved power distribution. 


2. Select a core array that has a center fuel 
assembly so that the replacement of the central 
group of four elements forced by symmetry 
would be eliminated. A very poor power dis- 
tribution results from the power spike produced 
when the four fuel assemblies adjacent to the 
center are replaced together. 


With Roundelay 3-batch refueling, it was 
that after six refueling steps the core | 
ditions are essentially those of the equilib: : 
cycle. 

The thermal and hydraulic characters. 
for both the reference and alternate cores - 
presented in Table V-3. A review of t 
parameters gives the best insight int. 
methods by which the rather remarkable p.. 
density of 80 kw/liter is expected to be achi: ; 
in these very large cores. No single ::- 
makes a large contribution to improved :- 
formance, but a substantial improvemer 
expected from a combination of many s= 
items, with careful attention to their det. 
interaction. This attention to detail extends - 
only to the physical arrangements of c. 
components (e.g., the array of different — 
fuel rods within one assembly) and to am.: 
uniform approach to design limitations cC | 
the core volume (e.g., promoting intercha=:; 
mixing to reduce enthalpy-rise hot-channelf& 
tors) but also to a reexamination of the lim::- 
tions themselves. For example, the design liz: 
tation of a DNB (departure from nucle: 
boiling) ratio of 1.25 at 115% of full pov: 
represents less margin than is used in curr: 
practice. Evidently the belief is that operatio- 
experience from present-day plants plus aż- 
quate in-core instrumentation will permit savs- 
factory operation within these margins. 

The composition of F,, the ratio of maxim 
heat flux to average ora flux in the core, us- 
for design purposes, is! 





Subfactor Fa 
Axial 1.60 
Radial 1.50 
Local power peaking 1.30 
Transient hot-channel factor 1.02 
Engineering 1.045 
Design overall factor 3.33 


For F, the ratio of maximum coolant enthalr: 
rise to average coolant enthalpy rise over tè 
total length of the core, the composition is! 


Subfactor FA B 
Radial 1.5 
Transient factor 1.02 
Engineering 

Net hot cell 1.07 

Uncertainty 1.03 

Flow distribution 1.07 
Design value total 1.8 
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Table V-3 THERMAL AND HYDRAULIC CHARACTERISTICS OF THE CORE! 


tal heat output 
Mw 
Btu/hr 
at generated in fuel, % 
‘stem pressure, nominal 
psia 
Ot channel factors in 
steady-state 
Heat flux, Fy 
E-nthalpy rise, Fay 


oolant conditions 
Total flow rate, lb/hr 
Effective flow rate for 
heat-transfer, lb/hr 
F low area for heat- 
transfer flow (unit 
cells), sq ft 
Average velocity along 
fuel rods, ft/sec 
Average mass velocity 
along fuel rods, 
1b/ (thr)(sq ft) 
Coolant temperature, 
°F 
Nominal inlet 
Maximum inlet due 
to instrumentation 
error and dead 
band 
Average rise in 
vessel 
Average rise in core 
Average in vessel 
Average in core 
Nominal outlet of 
hot channel 
Maximum outlet quality 
of hot channel, wt.% 
Maximum outlet 
enthalpy of hot 
channel, Btu/lb 
Saturation enthalpy at 
minimum steady- 
state pressure, 
Btu/lb 
Average film coeffi- 
cient, Btu/(hr) (sq ft) 
CF) 
Average film- 
temperature dif- 
ference, °F 


Heat transfer 
“Active” heat-transfer 
surface, sq ft 
Average heat flux, 
Btu/(hr)(sq ft) 
Maximum heat flux, 
Btu/(hr)(sq ft) 
Maximum thermal 
output, kw /ft 
Average fuel tem- 
perature in 
core, °F 


Reference 
design 
(short 

followers) 


3220 
10.99 x 10° 
97.4 
2050 


3.33 
1.80 


160.0 x 108 


144.0 x 108 


69.77 


12.7 


2.06 x 106 


546 


550 


52 

57 
572 
574.5 
639 


2.0 


687 


675 


4850 


34 


65.5 x 105 
163.5 x 103 
544.3 x 103 


16 


1535 


Alternate 
design 
(full-length 
followers) 


3220 
10.99 x 10° 
97.4 
2050 


2.94 
1.80 


160.0 x 108 


144.0 x 108 


68.2 


13.0 
2.11 x 108 
546 


550 


52 

57 
572 
574.5 
639 


2.0 


687 


675 
5040 


30 


70.9 x 108 
151.0 x 103 
444.0 x 108 


13.2 


1537 


*The DNB ratios are based on the correlations presented 
in Ref. 20 and are minimum ratios, within the core, of the 
DNB condition to the actual condition. The heat-flux DNB 
ratio, g7”-DNBR, applies to the subcooled regions of the 


Heat transfer (continued) 
Maximum rod-surface 
temperature at 
nominal pressure, °F 


DNB ratios* 

Average q”-DNBR at 
100% power at 
2050 psia 

Average q” -DNBR at 
115% power at 
2200 psia 

H-DNBR at 100% 
power at 2050 psia 

H-DNBR at 115% 
power at 2200 psia 


Fuel rod (cold dimensions) 


Outside diameter, in. 

Cladding thickness, in. 

Diametral gap, in. 

Pellet diameter, in. 

Density of UO,, % of 
theoretical density 

Fuel length (pellets 
only), in. 

Pitch, in. 

Rod array in assembly 

Rod per assembly 

Total number fuel rods 
in assemblies 

Hydraulic equivalent 
diameter of unit 
cell, ft 

Additional water gap 
at edge of assembly, 
in. 


Control rod 
Number of slots 


General 

Total core area (inside 
core baffle), sq ft 

Equivalent core 
diameter, ft 

Maximum diameter of 
core, in. 

Core length, between 
fuel ends, ft 


Length-to-diameter ratio 


of core 


Water-to-uranium ratio, 


unit cell 
Fuel weight, lb of UO, 
Pressure drop, psi 
Across core 
Across vessel, 
including nozzles 
Core power density 
Kw/liter of core 
Kw/kg of U 


core. 


Reference 


design 


(short 


followers) 


645 


1.51 


1.39 


1.49 


1.23 


Normal 


Small 


rod rod 


0.378 
0.010f 
0.004 
0.354f 


96.5 


132 


0.525 
16 x 16 


194 


91,216 


0.0305 


0.320 
0.010 
0.004 
0.296 
96.5 


132 
0.456 


40 


10,560 


0.0469 


0.029 


109 


128.2 
12.8 
166.0 
11.0 
0.86 


3.29 
289.3 x 10° 


36 


143 


Alternate 
design 
(full-length 
followers) 


645 


1.76 


1.62 
1.53 


1.26 


0.3884 
0.0152 
0.004 
0.354 
96.5 
132 
0.523 
16 x 16 
240 


63,360 


0.0424 


0.0305 


109 


133.9 
13.1 
169.3 
11.0 
0.84 


3.12 
314.8 x 103 


46 


The enthalpy-rise DNB ratio, H-DNBR, applies to 
quality regions of the core. 


+ Eight rods have a 0.0285-in. cladding thickness and a 


0.317-in. pellet diameter. 
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In both tabulations above the transient factor 
provides for rod motion required for a 5% step 
change in load at 95% power level. It is ex- 
pected that coolant mixing within the core, both 
between channels and between fuel assemblies, 
will be required to achieve the F,, design 
value. Provision has been made in the core to 
promote mixing. Flow mixing is promoted be- 
tween fuel assemblies to cool the channels at 
the assembly edge, where the power peaks, by 
mixing vanes installed on the grids within the 
upper 5 ft of the core and by staggering the 
grids in this region. Bulk boiling at the exit of 
the hot channel is permitted, to the extent of 
2 wt.% quality, to keep the coolant-flow re- 
quirements within the capabilities of a seven- 
loop primary system. 

In a study associated with the 1000-Mw(e) 
pressurized-water-reactor (PWR) design, the 
effects of core height, enthalpy rise, andburnup 
on the axial power distribution were investi- 
gated. The following quotation from Ref. 2 
states the general problem: 


In designing very large reactor cores, it is im- 
portant to understand the dependence of power dis- 
tribution on core height, enthalpy rise, and burnup. 
To illustrate this point, consider the following hy- 
pothetical situation. Suppose a reactor with a core 
height of 10 feet has been designed to produce a 
given power output. If a new reactor design is re- 
quired which has a 10% higher output, one might 
propose an increase in the core height to 11 feet, 
maintaining the same average power density. How- 
ever, the axial hot channel factor might be greater 
in the 11 ft. core; if the increase in hot channel 
factor is 10%, the power capability is not increased 
at all in going from a 10 ft. to an 11 ft. core, as- 
suming a burnout heat flux limitation. The power 
distribution might be expected to become worse as 
the enthalpy rise is increased since the water den- 
sity becomes more non-uniform. 


The conclusions (Ref. 2) drawn as a result of 
the study were as follows: 


1. In the first core, which contains only fresh 
fuel, the axial peaking increases slightly with core 
size. At a burnup of a few thousand MWD/MTU, 
there is little variation in peaking factor with core 
size. Beyond 3000 MWD/MTU, the larger cores 
may have slightly less axial peaking than smaller 
cores, 

2. Ina cycle typical of equilibrium, the peaking 
factor appears to increase substantially with core 
size; however, burnup effects have reduced the 
equilibrium peaking factor to a low value in all 
cases so that the peaking is not serious, even in 
the larger cores. 

3. All steady state power distributions which 
were studied had axial peaking factors less than 
1.60, which is the design value for the 1000 MWe 
PWR. 
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Reactivity control of the reactor is prom: ; 
by a combination of the mechanically actu. 
neutron-absorbing control rods and a cher: . 


neutron poison dissolved in the reactor coo-z , 
The soluble poison is boron in the form. 


boric acid, Rapid reactivity changes resu: 
from rapid load changes, safety shutda 
Doppler, and other rapid transient effects :- 
controlled by the rods. The slower acting r- 
activity changes due to fuel depletion, samari:-= 
xenon, and gross temperature effects are ::. 
commodated by adjusting the concentration - 
the neutron poison in the primary coolant. T- 
principal advantages in using a soluble poix: 
are the improved core power distribution r: 
sulting from being able to withdraw most of t 
control rods during operation and the reduc? 
total reactivity compensation required of t: 
control rods since they are no longer requir? 
to shut down the reactor to the cold clean co- 


tages are the large volume of primary cool 
that must be handled when bleed-and-feed dil- 
tion is used to reduce the boron concentratix 
and the influence of the poison in reducing tt: 
moderator coefficient of reactivity or eve 
causing it to change sign. In connection wit 
the latter point, the criteria for the referen: 
design permit the moderator coefficient of re- 
activity to vary from positive to negative dur 
core life. It is proposed that the stability of tt: 
reactor be preserved through the combinato 
of the Doppler effect and the coolant tempera- 
ture controller. 

The estimated boron concentrations for the 


first and equilibrium core cycles are! 





Boron concentration. 
ppm 
Equilibnz= 


Condition 1st cycle 





Refueling shutdown; rods in; 


k = 0.90 3880 2950 
Cold normal shutdown; rods in; 

k = 0.97 2880 1960 
Hot normal shutdown; rods in; 

k = 0.97 2670 1550 
Hot full power; no rods; 

no poison 2780 1810 
Hot full power; no rods; 

Xe poison 2310 1370 
Hot full power; no rods; 

Xe and Sm 2150 1240 
End of life =0 20 





In recent operation the Yankee Atomic Elec- 
tric Co. reactor at Rowe, Mass., has been 
successfully employing soluble-poison shim 





dition by themselves. The principal disadvz. 


wing 1965 


Ontrol, and other reactors have run in this 
anner on an experimental basis. The degree 
> which the soluble poison is employed in the 
eference large PWR, however, is significantly 
reater than in systems that have been run to 
ate. 

With the heavy dependence on soluble shim 
-Ontrol, it might seem that the reference design 
2mploys an unusually large number of control 
rods (109). The large number results from un- 
certainties regarding spatial instabilities in the 
large core, which might conceivably arise from 
either sustained xenon oscillations or Doppler 
oscillations. The possibility of both was studied. 
It was found that for the conditions normally 
existing in a PWR, i.e., negative Doppler coef- 
ficient, no Doppler oscillations are possible, 
even for a very large reactor. In regard to 
xenon oscillation, the conclusions were not as 
definite and were summarized in Ref. 2 as 
follows: 


1. The nominal temperature coefficient is suf- 
ficiently negative to prevent sustained Xe oscilla- 
tions of constant or increasing amplitude, even with 
pessimistic assumptions for the degree of flux 
flattening. 

2. With the minimum temperature coefficient and 
a pessimistic degree of flux flattening, the calcula- 
tions predict the 1000 MWe core is near the thresh- 
old for sustained oscillations. 

3. Damped oscillations are predicted in all di- 
rections for both the nominal and minimum tem- 
perature coefficients. Damped oscillations do not 
represent a serious operational problem if the de- 
gree of damping is sufficient to quickly reduce the 
amplitude of the oscillation. With the nominal tem- 
perature coefficient, the damping is probably suf- 
ficient to prevent any serious problem; however, 
with the minimum coefficient, very little damping 
is expected and operational problems could occur. 
These conclusions must be qualified since no defi- 
nite standards have been established regarding the 
degree of damping required for satisfactory reac- 
tor operation... . 


It is further stated in Ref. 2 that the possibility 
of xenon oscillations is not believed to be a 
feasibility problem of the 1000-Mw(e) PWR 
since reactors have been operated in the pres- 
ence of such oscillations. 

In-core instrumentation is proposed to detect 
nuclear flux tilts as well as to monitor reactor- 
coolant temperatures. Neutron fluxes at se- 
lected locations in each of the 66 fuel assemblies 
in one quadrant of the core and at 3 positions 
in each of the remaining quadrants would be 
measured by miniature in-core neutron de- 
tectors. Temperatures at the outlets of each 
of the 66 fuel assemblies in one quadrant of the 
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core and at 34 selected positions in the other 
three quadrants would be measured by sheathed 
Chromel-Alumel thermocouples. 

A second alternate core design aimed prin- 
cipally at an improvement in control-rod fea- 
tures was proposed, although a complete core 
design was not developed in the study (Ref. 1). 
This alternate is based on replacing the sepa- 
rate cruciform control rods by a cluster of 
poison elements arranged in one or more rings 
and located within the fuel assembly instead of 
between the fuel assemblies. The individual 
poison elements are approximately the size of 
the fuel tubes and move in thimbles located 
within the fuel assembly. This “rod-cluster- 
control” (RCC) concept eliminates the necessity 
for followers and makes the use of canless fuel 
assemblies more attractive. A model of the 
rod-cluster-control assembly is shown in Fig. 
V-4. The RCC fuel assembly requires no 
change in the basic fuel lattice, and the spring- 
clip grids for holding the fuel rods inthe lattice 
are retained. The guide tubes in which the 
individual control elements move are perma- 
nently fixed within the lattice of the fuel as- 
sembly. The individual control elements are 
fastened together above the fuel assembly by 
means of a spider, as shown in Fig. V-5, and 
all elements within an assembly move up and 
down together. The guide tubes within the fuel 
assembly are perforated over a substantial 
length to provide for coolant flow. The venting 
is controlled at the bottom of the tube to serve 
as a dashpot during scramming of the control 
element. The rod-cluster control-guide tube is 
shown in Fig. V-6. Advantages of the rod- 
cluster control are summarized in Ref, 1: 


1. Improved power distribution due to (a) separa- 
tion of interassembly peaking from control slot 
peaking and (b) breakup of control slot peaking by 
distributing the control material as individual rods 
throughout the lattice. 

2. More control per weight of absorber provided 
the most favorable geometry can be selected. 

3. More uniform distribution of control. This 
will result in better power distribution control in 
the event of unstable power distribution and better 
temperature and pressure dead-band control be- 
cause of the lower worth per rod step. 

4. Less parasitic absorption if elimination of the 
stainless steel can is successful which will improve 
the fuel cycle costs. 

5. Complete elimination of followers. 

6. Reduced coolant bypass flow. 

7. Simplification in mechanical design. 


Although rod-cluster control is considered 
only as an alternative in the,1000-Mw(e) PWR 


146 POWER REACTOR TECHNOLOGY 





Fig. ore Fuel-assembly model for rod-cluster con- 
trol. 
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Fig. V-5 Coupling for rod-cluster control.! 


study, significant development has been devoted 
to the concept, and it has been incorporated in 
the design of the San Onofre reactor (Ref. 15). ` 
Rod-cluster control could reasonably be ex- 
pected to be adopted for the Connecticut Yankee 
and Malibu reactors also. 

As mentioned earlier in this review, this 
1000-Mw(e) Closed Cycle Water Reactor Study 
Should rest on firmer ground than the usual 
run of reactor-feasibility studies because it is 
based on information generated under the mas- 
sive LRD Program being conducted for the San 
Onofre reactor. References 4to 15 are progress 
reports on this program. Topical reports, Refs. 
16 to 39, on the same program treat the reactor 
subjects covered in the 1000-Mw(e) study (Refs. 
1 and 2) in greater depth and are keyed, of 
course, to the San Onofre reactor, For ex- 
ample, a number of mechanically assembled 
fuel assemblies have been irradiated. im the 
Saxton reactor, and additional assembiies ġa 
been prepared for irradiation, These Jes 


two rod-cluster-control assembliga,. g : = 











ring 1965 


Control Element 







Closed Zone 


Guide Tube 


Hole Area = 50% of 
Toto! Wall Areo 


Open Zone 
= of Core Height 


Bleed Holes as 
Necessary To Obtain 


Snubber Zone Damping Action 


1 ft 


Fig. V-6 Guide tube for rod-cluster control.! 


by-3 and the other a 9-by-9 array. Fuel clad- 
ding of these assemblies included both thin- 
walled stainless steel and Zircaloy. 

A general comment appears appropriate on 
the size of components for large pressurized- 
water reactors. At the time this 1000-Mw(e) 
PWR study was conducted, a 1000-Mw(e) power 
level was believed to be the highest achievable 
from a single reactor vessel in the relatively 
near future. Similarly, seven coolant loops 
were required because of restrictions on the 
maximum size of steam generators and main 
coolant pumps. Recent indications are that 
manufacturers are now capable of providing 
these key components in higher unit ratings. 
As previously mentioned, pressure vessels for 
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1500-Mw(e) units appear to be feasible.° Steam 
generators of almost twice the capacity used 
in the study are being discussed. If coolant 
pumps are not restricted to canned-motor units, 
the remaining restriction would be only the 
size of volute that can be cast. This would 
permit pumps of increased capacity. 


EBWR 


Operation of the Experimental Boiling Water 
Reactor (EBWR) at power levels up to and in- 
cluding 100 Mw(t) has been previously reviewed 
in Power Reactor Technology, 7(3): 317-320, on 
the basis of several topical reports. Reference 
40 contains a collection of the detailed test re- 
ports that cover operation since the modifica- 
tion of the reactor and plant for the higher 
power up through operation for brief periods at 
100 Mw(t). The test reports contain detailed 
accounts of the loading sequence and initial 
critical testing. Physics tests included critical 
control-rod-position determination, rod cali- 
brations, and measurements of temperature 
and void coefficients and flux distribution. The 
response of the reactor to step reactivity 
changes was determined with reactor periods 
ranging from 15 to 40 sec and peak power levels 
near 1 Mw/(t). Analytical correlation of the 
peak power and energy production during these 
transients with the reactor period was obtained 
uSing an energy-production-dependent reactivity 
feedback. Inspection of the control rods ir- 
radiated during prior operation of the EBWR is 
described, including metallurgical and radio- 
chemical examinations. Thermal and hydraulic 
testing included temperature measurements in 
the reactor, determination of recirculation rate, 
measurements of steam-volume fractions in the 
core and riser, as well as investigation of 
steam carry-under and moisture carry-over. 


Design Studies of a 
1000-Mw (e) Fast Reactor 


Four independent design studies (Refs. 41 to 
44) were made for the AEC on a 1000-Mw(e) 
ceramic-fueled fast breeder reactor cooled 
with liquid sodium. In two of the studies the 
fuel was UO,-PuO,, whereas in the other two 
studies UC-PuC was used. These studies, which 
were focused on the reactor and primary,heat- 
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removal systems, represent the first phase in 
AEC’s program to develop basic fast breeder 
concepts for large commercial power stations. 
The objectives in the studies were to develop 
designs that optimized fuel-cycle costs, ob- 
tained attractive fuel-doubling times, and per- 
mitted high-temperature steam conditions at 
the turbine, consistent with safety requirements 
in fast reactors. The studies thus included core 
physics and thermal-hydraulic analysis, me- 
chanical design features, fuel-handling con- 
cepts, and fuel-cycle economics. The following 
ground rules were common to all studies: 


1. The performance was to be evaluated for 
equilibrium cores. 


2. The fuel cladding was to be a stainless 
steel. 


3. The primary sodium temperature was to 
be sufficiently high to produce 1000°F steam, 
taking into account the temperature drop in the 
intermediate heat exchanger. 


4. The breeding ratio was to be greater than 
1.2, with a reasonable doubling time. 


5. The fuel was to be considered government 
owned with a 4°/% rental charge. 


6. The value of $10 per gram was to be used 
for 239pu and 2“!Pu in the form of the nitrate. 


7. The feed material to the plant for the 
equilibrium core was to be depleted uranium 
containing 0.3 wt% 235U, 


In a recent feature article by Okrent® in 
Power Reactor Technology, various problems 
were discussed which affect the performance of 
large sodium-cooled ceramic-fueled fast re- 
actors. In general, the considerations intro- 
duced by economics, breeding, and safety give 
rise to conflicting requirements in optimizing 
the design of such reactors. A ceramic fuel 
after exposure in the reactor cannot be con- 
sidered to provide the reliable axial thermal 
expansion that, in smaller metal-fueled reac- 
tors, is responsible for a significant rapidly 
acting negative reactivity coefficient. On the 
other hand, the presence of oxygen or carbon in 
the ceramic softens the neutron spectrum so 
that a sizable negative Doppler coefficient of 
reactivity can be obtained. The change in re- 
activity upon loss of sodium from the core be- 
comes more positive with increasing reactor 
size because the positive reactivity effects as- 
sociated with changes in neutron spectrum be- 
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come more important relative to the neg: 
neutron-leakage effect. The buildup of `': 
and fission products in the equilibrium - 

increases the positive reactivity effects c.- 

sodium voiding, as would also the substt- 
of niobium for steel structures. Any meas.: 
that increases the neutron leakage from - 
core also tends to shift the sodium void c:-. 
ficient in the negative direction for two reas:__ 
First, the increase makes the effect of sod. 
on the neutron leakage more important. Sec: 

an increase in the concentration of fissile ıs- 
tope is required; this, therefore, results = 
harder spectrum that is less sensitive | 
changes in sodium density. The higher leak 
has other, unattractive consequences: ifbrou 
about by a thinning of the breeder blanket. 

decreases the total breeding ratio, am, 

brought about by the use of high-leakage c:- 
geometry, it decreases the internal bree 
ratio and increases the rate of reactivity : - 
with fuel burnup. The Doppler reactivity cc. 
ficient can be improved by the addition :: 
fixed moderator to the core, such as BeO.: 
soften the neutron spectrum; however, this - 
detrimental to the breeding ratio and doub. 
time. 

Among the other problems that required c: 
sideration in these studies were the limitan.- 
of the stainless-steel fuel cladding at the > 
temperature required to obtain the 10% 
steam temperature specified for high therc- 
dynamic efficiency, the utilization of the fue.. 
high burnup and high heat ratings for attracc" 
fuel-cycle economics, thermal-stress proble= 
in the reactor vessel and primary system :> 
posed by high-velocity sodium operatin 
temperature differences in the range of 2 
300°F, and reliable methods of refueling =: 
out excessive reactor downtime. 

The four fast reactor design studies w: 
evaluated by the AEC“ with the assistance 
the Argonne National Laboratory and the i 
Alamos Scientific Laboratory. A very br. 
summary description of the four reactor c? 
cepts was presented in a paper by Koch et + 
A summary of the nuclear and safety cu 
acteristics of the reactor concepts was wz 
piled by Okrent et al.,4* and the fuel-cv. 
economics were evaluated by Link et al." 
paper by Klotz and Miller described the Al- 
Chalmers design.*° 


A brief description is given below oi: 
four 1000-Mw(e) concepts. The core arraz- 
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Fig. V-7 Reactor-core arrangements for four 1000-Mwu(e) design studies. 


ments are shown diagrammatically in Fig. V-7, 
and the major characteristics of the four con- 
cepts are presented in Table V-4. 


Allis-Chalmers Reactor Concept 


To reduce the sodium void coefficient as 
much as possible, this concept uses a thin an- 
nular core having high neutron leakage. The 
core annulus is 2 ft thick, 13 ft in outside 
diameter, and 9 ft in inside diameter, with a 
volume of 7720 liters. The sodium void coef- 
ficient is decreased even further because no 
breeder blanket is used above the core region; 
instead a sodium space is provided at the top 
of the core with a layer of B,C above the 
sodium. The fuel pins contain UO,- PuO, pellets 
that are distributed axially in 3-in. compart- 
ments within the pins to minimize reactivity 
effects from fuel compaction. The fuel pellets 
have hollow centers to permit a maximum heat 
rating of 13 kw/ft with a cladding temperature 


of 1420°F. There are 123 fuel pins in the 
hexagonal fuel assembly which are held in place 
by six grids, 12 in. apart, along the length of 
the assembly, with tie rods at alternate corners 
of the assembly. The fuel assemblies are held 
down hydraulically and are individually orificed 
to obtain a uniform sodium exit temperature. 
Heat is removed from the 1200°F primary 
sodium by means of six external loops. 

For refueling the fuel elements are located 
by double rotating and indexing shield plugs. 
After the reactor is cooled to 350°F and the 
sodium level is lowered, direct visual observa- 
tion of the core is possible for grappling the 
fuel elements. The fuel is removed to an argon- 
cooled cask, is cleaned with steam to remove 
the sodium, and is then transferred to an on- 
site reprocessing plant. The blanket is shuffled 
in an out-in manner to match the orificed so- 
dium flow with the power generation in the ele- 
ments. This avoids large changes in exit so- 
dium temperature in the blanket’ assemblies 


Table V-4 CHARACTERISTICS OF THE 1000-Mw(e) CERAMIC-FUELED 


FAST REACTOR CONCEPT 


Vol. š. ' 











Allis- Combustion General Westing- 
Chalmers‘! Engineering? Electric house“ 
Core and blanket 

Core geometry Annulus Flat cylinder Flat cylinder 7 modules 
Core volume, liters 7520 2895 6030 7050 
Axial blanket volume, liters 960 3500 9050 2400 
Radial blanket volume, liters 17,700 4800 4200 19,850 
Fuel form 

Core and axial blanket Oxide Carbide Oxide Carbide 

Radial blanket Oxide Carbide Oxide Oxide 
Active height of core, ft 4 2.5 2.0 6.3 
Blanket thickness 

Axial blanket, ft 0.5 1.5 1.5 1.0 

Radial blanket, ft 1.5 1.4 1.3 0.7 
Composition of core and axial blanket 

Fuel, % 29.4 25.6 34.8* 29.4f 

Sodium, % 40 66.5 46.4 55.1 

Steel, % 30.6 7.9 18.8 15.5 
Composition of radial blanket 

Fuel, % 55 45 50.7 55 

Sodium, % 30 43 32.1 25 

Steel, % 15 12 17.2 20 
Core fissile metal, kg 3690 1155 2304 3686 
Blanket fissile metal 

Axial blanket, kg 6 32 58 23 

Radial blanket, kg 260 83 80 171 
Core load (metal), kg 17,760 8913 12,828 23,420 
Blanket loading (metal) 

Axial blanket, kg 2210 10,696 19,242 7800 

Radial blanket, kg 84,566 27,886 24,300 56,886 
Core load (ceramic), kg 20,200 9400 14,600 25,200 
Blanket loading (ceramic) 

Axial blanket, kg 2510 11,250 21,900 8200 

Radial blanket, kg 96,100 29,400 27,500 59,800 
Power, Mw (t) 

Total 2500 2500 2500 2500 

Core 21251 1950 2125 2170 

Axial blanket 200 300 35 

Radial blanket 375 350 75 295 

General 
Core irradiation level, 

Mwd/metric ton of U 100,000 110,000 110,000 100,000 
Breeding ratio§ 1.32 1.42 1.25 1.57 
Doubling time,§ years 19.5 6.2 15.8 11.7 
Sodium void worth? 

(100% core voided), LAk 0.0 1.0 0.4 0.3 
Doppler coefficient, 

— T(dk)/(dT) x 10*8 2.6 5 5 12 
Fuel-cycle cost,§ 

mills/kw-hr 0.69 0.30 0.57 0.28 
Size, ft š 

Reactor diamete 16.0 10.0 14.2 13.6 

Reactor height 6.0 5.5 5.0 8.3 

Vessel diameter 20.0 16.5 18.0 18.0 

Vessel height 25.0 40.7 33.0 36.0 

Thermal parameters 
Specific power, kw/kg 

Core U + Pu ceramic materials 100 198 150 86 

Core fissile material? 640 1680 920 520 
Power density in core,§ Kwit)/liter 282 695 365 308 
Temperature, °F 

Core inlet 950 850 800 979 

Cladding peak 1330 1400 1332 1400 

Fuel peak 4615 2600 4700 2184 

Core outlet 1200 1120 1100 1200 

Fuel bond Helium Sodium Helium Sodium 
Coolant 

Sodium flow, (lb/hr) x 107° 114 113.6 95.4 128 

Core velocity, ft/sec 10 20 11.1 26.5 

Loop pressure drop, psi 90 59.8 40 113 

ST 
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Table V-4 (Continued) 
Allis- Combustion General Westing- 
Chalmers41 Engineering Electric house 
Fuel 
Fuel-pin-cladding outside diameter, in. 
Core and axial blanket 0.30 0.30 0.25 0.30 
Radial blanket 0.607 0.45 0.50 0.464 
Cladding thickness, in. 
Core and axial blanket 0.028 0.011 0.015 0.010 
Radial blanket 0.015 0.016 0.020 0.020 
Sodium-bond gap, in. 
Core and axial blanket 0.010 0.006 
Radial blanket 0.011 
Pellet outside diameter, in. 
Core and axial blanket 0.24 0.259 0.22 0.268 
Radia] blanket 0.574 0.396 0.45 0.420 
Pellet, inside diameter, in. 0.10 0.06** 
Active core height, in. 48 30 24 75 
Active blanket height, in. 
Axial blanket 6 36 36 24 
Radial blanket 72 54 36 and 60 87 
Assemblies 
Distance across flats, in. 4.45 6.241 8.75 5.104 
Triangular pitch of pins, in. 
Core and axial blanket 0.375 0.468 0.338 0.426 
Radial blanket 0.69 0.539 0.565 0.496 
No. of pins per assembly 
Core and axial blanket 123 169 470 120 
Radial blanket 37 127 208 91 
No. of assemblies in region 
Core and axial blanket 498 157 225 252 
Radial blanket 858 156 108 357 
Total no. of pins in region 
Core and axial blanket 61,254 26,533 105,750 30,240 
Radial blanket 31,709 19,812 22,464 19,812 
Feed enrichment, average, % 
Core 20.8 13.0TT 18.0TT 15.7 
Blankets 0.3 0.3 0.3 0.3 


*Includes BeO. 

tincludes cermet. 

{Includes bottom axial blanket. 
§ Per contractor calculations. 


with the rapid buildup of plutonium associated 
with the high radial neutron leakage from the 
core. 


Combustion Engineering Reactor Concept 


This concept uses a conventional cylindrical 
core that has a volume of 2895 liters. The core 
is 2.5 ft high and is 7.2 ft in diameter, witha 
length-to-diameter ratio of 0.35. The carbide 
fuel is sodium bonded to the 11-mil-thick clad- 
ding made of type 19-9 DL stainless steel. The 
sodium bond permits higher heat fluxes for a 
given maximum temperature limit on the fuel 
and also accommodates the swelling of the fuel 
with burnup. The top and bottom axial blankets 
are integral with the core. A 15-in. gas space 
is provided on top of the upper axial blanket to 
accommodate a gas release of 11% over the 
100,000 Mwd/ton exposure of the element. The 
carbide is slightly hyperstoichiometric, i.e., 


{Per evaluator calculations. 
**Formed during operation. 
tt Zoned. 


carbon content is greater than 4.8 wt.%, to 
limit swelling and gas release in fuel operating 
at a maximum temperature of 2600°F. Several 
methods are proposed to prevent the carburiza- 
tion of the cladding. The hexagonal fuel as- 
semblies in the core each contain 169 fuel pins 
that are held together by band wraps. The radial 
blanket is also carbide fuel, with a residence 
time three times that of the core. Halfway 
through its life each blanket element is rotated 
180° to equalize its exposure and to increase 
the coolant flow to accommodate the higher heat 
generation. 

For refueling the fuel elements are located 
by a single rotating and indexing plug and a 
manipulator arm and are transferred under 
sodium to an adjacent decay storage pool of 
sodium. After three months’ decay the ele- 
ments are removed, steam cleaned to remove 
sodium, and prepared for shipment off-site in 
a water-cooled cask. 


152 POWER REACTOR TECHNOLOGY Vol. 8, '< 


There are six conventional primary loops Westinghouse Reactor Concept 
outside the reactor vessel. The pump is at the 
outlet to minimize the pressure of the cover The reactor consists of seven hexagc= 
gas in the reactor vessel. cylindrical modules, each containing a hic } 


Combustion Engineering also presents an leakage core that is 2.75 ft in diameter 2: | 
advanced design featuring a voided radial gap 6.3 ft high, with a total core volume of īt. 
between the core and blanket to obtain a nega- liters. Each core is surrounded by an 8-1 - 
tive sodium coefficient for complete voiding of thick blanket of UO, and a 4-in.-thick layer ` 
the core coolant. The theoretical basis for the graphite that decouple the modules from e2-. 
gap was described in a recent paper (Ref. 51). other. The fuel consists of pressed and sinter: 

carbide pellets of 90% density; the carbide - 
hypostoichiometric, carbon content less th: 


General Electric Reactor Concept 4.8 wt.%, to avoid carburizing the type 317. 
stainless-steel cladding. The pellets are coz- 

To obtain high neutron leakage from the core, partmentalized in the pins to minimize rē- 
this concept uses a highly “pancaked” core, activity effects from compaction of the ceram: 
2 ft high and 11.7 ft in diameter, which hasa fuel. The axial blankets containing UC form = 
volume of 6000 liters. There are three radial integral part of the fuel pins. The maximu 


zones of fissile plutonium enrichment for power temperatures for the fuel and the cladding ar: 
flattening. The maximum heat rating of 22.7 2184°F and 1400°F, respectively. Iron is add: 
kw/ft is obtained with oxide fuel that has a to the fuel to combine with the free metal: 
hollow cored center, formed during initial re- phase forming (U-Pu)Fe,. This is to avc: 
actor operation. The maximum temperatures forming in the cladding a plutonium-iron ev- 
for the fuel and the type 316 stainless-steel tectic that has a melting point of only 770% 
cladding are 4700 and 1330°F, respectively. The and also to tie up any free plutonium in t= 
fuel pins are fastened to a grid in the fuel box grain boundaries to minimize fuel swelling. Tt: 
by use of a T slot in the lower end plug anda fuel is assembled in what is called a Controlle: 
mating bar in the grid. The pins are positioned Fuel-Expansion Assembly to provide a negat;: 
along their length by means of slotted spacer reactivity coefficient due to thermal expans»” 
tubes that contact the three surrounding fuel and thus supplement the negative Doppler coet- 
pins. There is an upper shield-plug section ficient. Each ceramic fuel pin is made in tr- 
that is integral with the fuel pins so that the pieces; one piece is attached to the upper as- 
fuel elements are held down by their own weight. sembly plate, and the other is attached to t= 
The core contains 7 vol% beryllium oxide to lower assembly plate. A small gap is left = 


increase the magnitude of the Doppler coeffi- the center. The size of this gap is control: 
cient by softening the neutron spectrum. The by the thermal expansion of seven cermet ty% 
entire primary system, including the reactor fuel pins in each assembly which tie the uppe: 
core, the six heat exchangers, and the six and lower grip plates together. The cermet :: 
pumps, is immersed in a large tank of sodium, 20 vol.% UO, in stainless steel with a 23ŠU er- 
52 ft in diameter, so that problems associated richment of 30%. | 
with sodium leakage and thermal expansion in The fission-product gases are vented froz 
the primary piping are minimized. the fuel pins to the primary sodium coolant: 


minimize the stresses in the cladding. The fue. 
assemblies are held down in the reactor b 
means of a push-pull latching device at tx 
bottom of the assembly. 

The reactor vessel is designed with a cox- 
ial arrangement for the inlet-outlet pipes t 
minimize stresses in the vessel from therm 
expansion and to minimize the number v 

General Electric also presents an advanced penetrations. As a result of the high neutro 
core without beryllium oxide to obtain a higher leakage into the radial blanket of each modul: 
breeding ratio. The fuel burnup in this design the plutonium content, and therefore the pow: 
is 200,000 Mwd/ton. generation in the blanket elements, increase 


A shielded inert-gas-filled cell with manual 
manipulators is provided directly over the re- 
actor for refueling. The vessel head is removed 
and the fuel is transferred under sodium using 
hot-cell techniques. After they have decayed in 
a storage tank, the fuel elements are removed 
and shipped under sodium without any cleaning. 
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arkedly with exposure in the reactor. Hence 
O vision is made for periodic adjustments in 
> sodium flow to the blanket elements. For 
fueling the reactor-vessel head is removed, 
d by hot-cell techniques the fuel is trans- 
r-red visually, using gas cooling, to an anti- 
>ny-lead-filled cask for shipping. 


sclear and Safety Characteristics 


All four reactors have neutron lifetimes in 
e range from 3 to 6 x 107'sec, effective 
‘layed-neutron fractions of about 0.004, and 
zable negative Doppler coefficients. The pow- 
' coefficients of reactivity are all negative and 

the range from —1 to —3 x 107° Ak/Mw. 
>latively flat radial power distributions are 
‘tained in the cores with low length-to-di- 
neter ratios (the Combustion Engineering and 
2neral Electric cores) by radial zoning of the 
utonium concentration. The tall thin cores 
ne Allis-Chalmers annular core and the West- 
ghouse modules) have favorable radial power 
stributions without fuel zoning. A brief de- 
-ription is given below of the distinguishing 
1aracteristics of the four concepts, using 
1rameters obtained from the design reports 
tefs. 41 to 44). Note that the values differ 
‘om those listed in Table V-4 for the cases 
here the table values are taken from the AEC 
valuation report (Ref. 46) (see Table V-5 for 
ymparison). 

The Allis-Chalmers concept has a breeding 
atio of 1.32, giving a doubling time of 20 years 
yr the fuel inventory. The core conversion 
atio is 0.52; an excess reactivity of 0.06 Az is 
equired for the reactivity decrease between 
artial reloadings of the core when one-third 
f the fuel is replaced. A major design basis 
yr this concept is minimizing the possibility of 
irge reactivity insertion should the sodium in 
ye reactor boil, even in the absence ofa scram. 
‘he voiding of all the sodium in the core gives 

reactivity increase of 0.002 Ak. If the sodium 
oiling occurs in such a way that the upper 
xial sodium gap is also voided, the reactivity 
ecreases. The Doppler effect will compensate 
yr 0.0017 Ak reactivity before all the oxide 
uel reaches the melting point. Control in the 
nnular core requires that several control rods 
ie moved as a coordinated unit because of the 
imall coupling between different sections of the 
‘ore. 

In the Combustion Engineering concept the 
rreeding ratio is 1.42, and the specific power 
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in the core is 1680 kw per kilogram of fis- 
sionable plutonium; the resulting doubling time 
is seven years. With the core internal con- 
version ratio of 0.85, the reactivity change with 
fuel burnup is only 0.0003 Ak per 1000 Mwd/ 
ton. The reactivity increase for complete loss 
of sodium from the core is 0.024 4k, whereas 
the loss of all the sodium from the core and 
blankets as well gives no reactivity change. It 
was calculated that the reactor by means of the 
Doppler effect can safely absorb a step re- 
activity increase of 1 dollar and 24 cents with- 
out any melting of the fuel or boiling of the 
sodium. The reactor is partially refueled every 
two and two-thirds months to replace one- 
eighth of the core elements so that the re- 
activity to be controlled is only 0.004 Akor 
1 dollar. Also, sources of potential reactivity 
addition have been similarly limited; the maxi- 
mum reactivity worth of a control rod is 
1 dollar, and the worth of a fuel assembly is 
93 cents. In the event of total loss of coolant 
flow, it is required that the control rods scram 
to prevent boiling of the core sodium. 


A major objective of the General Electric 
concept is the achievement of a large negative 
Doppler coefficient of reactivity to counteract 
reactivity increases that would result from 
voiding the sodium starting at the core center, 
even for implausible accidents. Enhancement 
of the Doppler coefficient is even more im- 
portant for the oxide fuels, which operate at 
higher temperature than the carbide fuels, 
Since the Doppler coefficient usually decreases 
with increasing temperature. The beryllium 
oxide in the core softens the spectrum so that 
the Doppler coefficient is enhanced; the Doppler 
effect will compensate for 0.005 Ak reactivity 
when the fuel is heated from operating tem- 
perature to an average temperature of 4700°F. 
Voiding all the sodium in the core adds 0.008 
fk, with a maximum increase of 0.014 for 
some configuration of partial voiding. 

It has been calculated that a step reactivity 
increase of 1 dollar and 70 cents will not cause 
fuel damage or sodium boiling. The blockage 
of coolant flow in the core at full power will 
cause boiling to start at the center with a 
maximum reactivity gain of less than 1 dollar 
so that the reactor does not become prompt 
critical. Up to 3 dollars and 50 cents of re- 
activity can be inserted at a rate postulated for 
a refueling accident without any sodium boiling 
in the core. The energy yield on core meltdown, 
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which inserts reactivity at the rate of 50 dollars/ 
sec, is equivalent to 200 lb of TNT. 


In this reactor of softer spectrum, the breed- 
ing ratio is 1.25, with an internal conversion 
ratio of 0.69. The doubling time is 16 years. 
The core is refueled every 6 months, when one- 
sixth of the fuel is replaced; 0.33 Ak excess is 
provided for fuel burnup. 

In the Westinghouse concept the sodium coef- 
ficient for complete voiding of the core sodium 
has been made very small, —0.001 Ak, by the 
use of seven small very loosely coupled core 
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Physics and Fuel-Cycle Evaluation 


In the course of the AEC’s evaluation oi- 
four studies, comparative calculations s: 
performed on breeding ratio, Doppler co: 
cient, and sodium void coefficient, using <: 
sistent cross-section data and calculat:: 
methods. The fuel-cycle costs were also r- 
computed for each concept*® by applying cc: 
mon procedures for estimating the cost of :-: 
processing, shipping, and fabrication, tak. 
into account such factors as the diamet: 
length, and cladding thickness of the fuel p:-- 


Table V-5 PHYSICS AND FUEL-CYCLE EVALUATION 


Allis- 
Chalmers 
concept 
Reactivity change for complete voiding 
of core sodium, Ak 

Contractor calculation 0.001 

Evaluator calculation 0 
Doppler coefficient, 

— Mdk/aT) x 103 

Contractor calculation 2.9 

Evaluator calculation 4.3 
Breeding ratio 

Contractor calculation 1.32 

Evaluator calculation 1.20 
Doubling time, years 

Contractor calculation 18.4 

Evaluator calculation 30 
Fuel-cycle cost, mills/kw-hr 

Contractor calculation 0.78 

Evaluator calculation 0.70 


Combustion General Westing- 
Engineering Electric house 
concept concept concept 
0.024 0.008 —0.001 
0.010 0.004 0.003 
5 10 12 
5.4 5.4 3.3 
1.42 1.25 1.57 
1.41 1.21 1.38 
6.9 13.5 13 
7.2 20 19 
0.30 0.57 0.28 
0.43 0.54 0.43 





modules, each with its own blanket. A partial 
voiding of the sodium can increase reactivity by 
0.0032 Ak, which is below prompt critical. The 
controlled-expansion fuel elements provide a 
reactivity coefficient of —0.75 x 1075/°F, which 
supplements the Doppler coefficient of —0.69 x 
10-°/°F at operating temperature. The re- 
activity sharing between the modules reduces 
the effect of a reactivity insertion in any one 
module. The coupling in a clean core is only 
0.003 Ak, which increases in the equilibrium 
core to 0.025 4k as plutonium builds up in the 
blanket. The monitoring and control of the 
modular core may require extensive in-core 
instrumentation. 

The breeding ratio is 1.57, the core con- 
version ratio is 0.54, and the doubling time is 
11 years. The reactor is shut down for re- 
fueling every 7 months to replace one-sixth of 
the core. The reactivity decrease between re- 
fuelings, because of fuel burnup, is 0.009 ôk. 





A common burnup of 100,000 Mwd/metric tz: 
was used, as well as a load factor of 80%. Tt: 
plutonium credits, however, reflect the cox 
tractors’ estimate of breeding ratio rather thz: 
the normalized values obtained in the evalu- 
tion. A comparison with the contractors’ value; 
is presented in Table V-5. Except for inventor: 
charges that depend on specific power a:: 
plutonium credits that depend on breeding ratic. 
the other components of the fuel-cycle cost: 
in mills per kilowatt-hour are nearly the sam: 
for all concepts: fuel fabrication, 0.4: core 
capitalization, 0.1; shipping, 0.1; and reprocess- 
ing, 0.1. Inventory charges are in the rane 
from 0.1 to 0.3 mill/kw-hr and _ plutoniuc 
credits, based on the normalized breedin 
ratios, are in the range from 0.2 to 0.4. Tre 
Allis-Chalmers study proposes that the fuel be 
reprocessed on the reactor site. This woul: 
lower the fuel-cycle cost for that reactor E 
Table V-5 by 0.1 mill/kw-hr. 
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The differences between the contractors’ 
'alues and those calculated by the AEC evalua- 
Ors are to some extent indicative of the state 
f the art in the physics of large fast reactors. 
’everal conclusions are drawn in the AEC 
‘valuation of the four 1000-Mw(e) fast breeder 
-eactors. It is stated in the evaluation that each 
íf the four concepts could be used as the basis 
£ a technically feasible design. A choice can- 
iot yet be made between the mixed-carbide and 
nixed-oxide fuels because the potential ad- 
rantages of the carbides depend on information 
ret to be obtained in development programs. 
Additional work that should be done prior to 
zommitting a 1000-Mw(e) ceramic-fueled fast 
yreeder is outlined in the evaluation. Included 
are further preliminary designs and optimiza- 
ions covering the entire plant, safety studies 
to establish criteria and to predict the course 
>f accidents, physics studies to include cross- 
section measurements and integral experi- 
ments, fuel and materials development, and 
fuel-handling development. 
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Foreword 





This is an interim quarterly review assembled by the Division of Technical Information, 
U.S. Atomic Energy Commission, from material supplied by Combustion Engineering, 
Inc., prior to the termination, at their request, of their contract to prepare the review. 
A new contractor will assume responsibility for the preparation of Power Reactor 
Technology beginning with the Fall issue, Vol. 8, No. 4. 

Power Reactor Technology contains reviews of selected recently published reports that 
are judged noteworthy in the fields of power-reactor research and development, power- 
reactor applications, design practice, and operating experience. It is not meant to be a 
comprehensive abstract of all material published during the quarter, nor is it meant to be 
a treatise on any part of the subject. However, related reports from different sources are 
often treated together to yield reviews having some breadth of scope, and background 
material may be added to place recent developments in perspective. Occasionally the re- 
views are written by guest authors. Reviews having unusual breadth or Significance are 
placed at the front of the issue as Feature Articles. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Reviews, 
the overlaps will be motivated by this objective of viewing current progress through the 
eyes of the reactor designer. 

A degree of critical appraisal and some interpretation of results are often necessary to 
define the significance of reported work. Any such appraisal or interpretation represents 
Only the opinion of the reviewer. Readers are urged to consult the original references 
to obtain all the background of the work reported and to obtain the interpretation of the 
results given by the original authors. 

For timely coverage, Power Reactor Technology must often review fragmentary mate- 
rial, The fixed subject headings listed below have been adopted in the hope of maintaining 
some continuity and order in the material from one issue to another; all reviews except 
Feature Articles will be arrangedunder these headings. A particular issue will not neces- 
sarily contain all the headings but only those under which material is reviewed. 


Economics, Applications, Programs Systems Technology 

Resources and Fuel Cycles Components 

Physics Design and Construction Practice 
Fluid and Thermal Technology Operating Experience 

Fuel Elements Specific Reactor Types 

Materials Specific Applications 

Control and Dynamics Unconventional Approaches 
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| Physics 


Power Reoctor Technology 


Measurements 
on Operating Reactors 


Jn installation of the second core in the Sodium 
Reactor Experiment (SRE), a test program was 
nitiated to develop and evaluate techniques for 
neasuring the nuclear parameters of the core 
ind for checking core stability. An objective 
Xf this program is to make possible reliable 
nterpretation of measured changes in control- 
rod positions in terms of reactivity values. A 
nethod of monitoring for abnormal behavior 
would then be available from the comparison 
»f calculated and measured reactivity varia- 
‘ions. References 1 and 2 describe some of the 
work directed toward this purpose. 

Reference 1 presents test results that show 
the feasibility of a technique developed for cali- 
rating shim rods during normal reactor power 
yperation. When compared with other rod- 
calibration methods that have been used in the 
past, the new technique is said to have the fol- 
lowing advantages: (1) increased plant availa- 
dility, (2) elimination of operational hazards, 
.3) use of inexpensive equipment, and (4) elimi- 
nation of special devices to drive the control 
rod or elimination of the need for a pile oscil- 
lator within the core. The technique utilizes an 
analog computer that is programmed to simu- 
late the reactor. Six groups of delayed neutrons 
with a fuel-temperature feedback loop are in- 
cluded in the simulation. For a rod-calibration 
measurement, the reactor flux is manually 
cycled by moving the shim rod in equal in- 
crements about the critical position. A signal 
is taken from the shim-rod position indicator 
and is scaled with a potentiometer to give the 
Shim-rod differential worth, which becomes 
the reactivity input for the computer. The com- 
puter output is the simulated-reactor-flux sig- 
nal. The differences in actual reactor flux and 


Simulated reactor flux are recorded on a strip 
chart. The shim-rod differential worth is given 
by the setting of the shim-rod-worth potenti- 
ometer, which results in agreement of the 
computer-flux response with the actual reactor- 
flux response. In practice the fuel-temperature 
feedback constants in the simulation circuit are 
adjusted until the system indicates the same 
differential rod worth for all frequencies of rod 
travel. Results of tests at 12 Mw(t) show that 
rod worths can be determined within +5% of the 
true value. This compares with resolutions of 
+2% obtained at zero power with normal period- 
measurement techniques. Reactor-flux noise 
was an important limiting factor to the attain- 
ment of higher accuracy with the on-line shim- 
rod-calibration technique. 

Reference 2 describes the experiments per- 
formed to obtain the reactivity coefficients 
of core 2 of the SRE. From the results of 
transfer-function measurements at 10, 15, and 
20 Mwi(t), it was clearly demonstrated that the 
positive prompt power coefficient associated 
with fuel-rod bowing was eliminated when the 
clusters were constrained to prevent bowing. 
Through analyses of the reactivity variations 
introduced by a flow ramp and an inlet tem- 
perature ramp, the combined fuel-and-coolant 
temperature coefficient and the inlet tempera- 
ture coefficient were determined. The combined 
coefficient was found to be —0.12 cents/°F, a 
value that agrees very well with the sum of the 
calculated Doppler and coolant coefficients. A 
simple lag model was used in the analysis of 
the inlet-temperature-ramp data. Although good 
agreement with calculations was obtained, it is 
recognized that the simple model used is not 
entirely adequate because the slow change in 
inlet temperature used in the experiment re- 
sults in interactions with the reactivities asso- 
ciated with core temperatures. Other pertinent 
measurements are described, e.g., shim-rod 
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calibrations, xenon transient, and isothermal 
core temperature. 

Reference 3 presents the results of a number 
of performance tests conducted at the Pluto- 
nium Recycle Test Reactor to investigate the 
operating characteristics of the plutonium- 
fueled D,O-moderated reactor. The test re- 
sults were obtained during initial operation 
with a three-zone configuration comprising 
natural UO, elements in the central region sur- 
rounded by an annulus of plutonium-aluminum 
elements and an outer region of UO, elements. 
Reactor refuelings to compensate for burnup 
were made by charging fresh plutonium- 
aluminum elements in the intermediate zone. 
When a steady-state loading was finally 
achieved, the intermediate plutonium-aluminum 
zone was somewhat expanded, as compared to 
the initial loading, at the expense of a reduced 
central zone of the UO, elements. Measure- 
ments were made of the change in reactivity 
with fuel burnup. The rate of loss of reactivity 
per unit of energy production increased with 
the inventory of plutonium in the reactor, as 
expected from the results of diffusion-theory 
perturbation calculations. As the steady-state 
loading was approached, the fraction of the 
total core fissions rate due to the plutonium 
was about 55%. 

Measurements were made of the radial power 
distribution by computing individual tube power 
outputs from flow and temperature-rise data; 
data are presented for exposures of 0, 1000, 
and 2000 Mwd. As a result of the method of 
charging the plutonium-aluminum elements in 
the intermediate zone of the three-zone core 
(outside-in method), the radial power flatten- 
ing improved with increasing exposure. 

Measurements of the photoneutron flux were 
observed to decay at a rate determined by a 
fisSion-product decay curve derived from the 
work of Perkins and King;' the curve repre- 
sented a simulation of the decay rate of gamma 
flux from the emitters giving gammas of energy 
greater than 2.2 Mev, the threshold energy for 
the (y,n) reaction in deuterium. Measurements 
of the shim-rod worths, using the partial water- 
height method, showed decreasing total worth 
as operation of the reactor progressed to the 
steady-state three-zone fuel loading, i.e., as 
the plutonium-fission ratio increased. Random- 
noise techniques were used to measure the re- 
actor transfer function and thus to obtain 8/1. 
The measurements indicated a decrease in B/ 
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as the plutonium inventory in the reactors: 
increased. The combined fuel-plus-coolantte=- 
perature coefficient and the moderator te- 
perature coefficient were observed to becx- 
much less negative as the plutonium invent: 
was increased during the approach to t 
steady-state configuration. A contributing È- 
tor to the decreases in negative temperat: 
coefficients was the gradual degradation of © 
primary coolant from 99.75% to 95% D,O tz 
ing the course of reactor operation. The ċ:- 
creases in negative coefficient values we: 
not considered large enough to affect reac. 
safety. 

References 5 and 6 report on the recent s::- 
cessful operation of the Experimental Breet: 
Reactor No. 1 (EBR-I) with a plutonium lė 
ing (Mark IV). The results of a stability anii:- 
sis, based essentially on transfer-function « 
power-coefficient measurements, are presen: 
in Ref. 5, wherein it is noted that there - 
nothing inherently unsafe or dangerous in t- 
operation of a plutonium-fueled system. T= 
results of breeding-gain measurements, whi:: 
demonstrate directly the superiority of plu 
nium as a fuel, are treated in Ref. 6. 

Oscillator-rod measurements were conducte: 
on EBR-I, Mark IV, to obtain the zero-pow:t' 
and load-power transfer functions. From & 
transfer functions a separation was made :: 
the reactivity feedback corresponding to t: 
various reactor power levels and inlet coolt 
temperatures. Reference 5 describes the reai- 
tivity - feedback function by a mathematic: 
model characterized by the following tw 
terms: (1) prompt, small, and associated pr- 
marily with power changes in the fuel (ax: 
expansion of fuel, NaK expulsion, radial epa- 
sion of the Zircaloy jackets, fuel-slug bowim. 
and jacket bowing); and (2) relatively delaye. 
strong, and associated with expansion effec 
in the coolant, structure, and upper portion’: 
the blanket region. Substitution of the exper- 
mental data into the mathematical model ™ | 
sults in a set of time constants and pot: 
coefficients that adequately describes the ex 
perimentally derived reactivity- feedback fu: 
tion for a given set of operating conditions. ` 
all cases the values of the fitted time constactt 
are consistent with values estimated from he- 
transfer considerations. 

The fitted power-coefficient values for t 
delayed term greatly exceed the correspox- | 
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ing values established for) the-prompt fu: 
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cpansion term. This empirical result is sur- 
"ising and is attributed to slug-bowing effects 
at cancel nearly all the usual prompt negative 
fects. That slug bowing is an important 
echanism is also indicated by the static mea- 
irements of the power coefficient. Insofar as 
e stability and safety of the system are con- 
2rned, it is concluded that the effects of slug 
ywing are not particularly important. In all 
ises studied the overall power coefficient 
as strongly negative and was still sufficiently 
apid in action to prevent strong reinforce- 
ent of input and feedback reactivities. Changes 
i coolant inlet temperature were found to 
‘fect strong changes in the feedback, appar- 
itly a consequence of temperature-sensitive 
learances. 

Reference 5 concludes that, in general, a 
ystem fueled with plutonium would tend to be 
iore sensitive to reactivity perturbations than 
ne fueled with uranium. For a feedback that 
einforces the input, the neutron kinetics are 
uch that the system tends to be less stable 
-elative to 23SU fuel). However, for a feedback 
1at cancels a portion of the input, the system 
‘ould tend to be more stable. Hence, if slug- 
owing and rod-bowing effects could be elimi- 
ated, it is possible that the kinetic behavior 
f a plutonium-fueled system would be more 
table than that of its 2ššU-fueled counterpart. 
The experimental methods used for the 
reeding-gain measurements on EBR-I, Mark 
V, are described in detail in Ref. 6. The 
1aethod is based on integration of the various 
ission and capture patterns over the system 
olume. The mapping technique requires ob- 
ervation of activities generated in thin metallic 
oils of uranium and plutonium inserted in the 
ore and blanket regions of the assembly. The 
‘counting operations for the various types of 
Oils and the operations involved in the organi- 
‘ation of the counting data for integration pur- 
oses are described. Spatial distributions were 
istablished for plutonium, 23U, and 238U fis- 
sions and captures. It should be noted that 
specific measurements of captures in plutonium 
ind 235U were not carried out on the Mark IV 
oading. Instead, use was made of the results 
f measurements by Kafalas et al.,’ who estab- 
ished values of o for 239pu and °% U as a func- 
ion of radial distance and elevation in a 235U- 
‘ueled loading in EBR-I. 

The breeding ratio is defined as the ratio of 
'393pu and *4!pyu production to 23U, 233pu, and 
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241pu destruction. The value of breeding ratio 
arrived at from the measurements is 1.27 + 
0.08. This value demonstrates the importance 
of 233pu as a fast reactor fuel since earlier 
measurements of the conversion ratio of es- 
sentially the same system fueled with 235U gave 
values of the order of unity. The marked in- 
crease is directly attributable to a much higher 
value of v for 239pu and a much lower value of 
a. The results also indicate the beneficial as- 
pects of threshold fissions in 238U and ?/°Pu. 
Reference 5 concludes that the results obtained 
provide tangible proof that a reactor fueled with 
233pu can produce useful power and regenerate 
substantially more fuel than is consumed. 


Resonance Absorption 


In the case of isolated rods in the NR-NR 
approximation, collision theory yields 


RI -f É a (1 — Pa) 0, dE/E 
0 


where o), Oa, and o, are the total, absorption, 
and potential scattering of the fuel, and P, is 
the nonescape probability from the fuel region. 
If the Wigner rational approximation is used, 
i.e., 





where x is the average optical chord length of 
the rod for a given energy, then the heteroge- 
neous resonance integral is equivalent to the 
homogeneous resonance integral in which a 
new potential scattering is defined as 


Op = Op + — 


Reference 8 investigates the use of three 
better approximations to P, that are rational 
forms in x, namely: 


1. From Booth, 


_ xX(x +c) 
0 GFE 


2. From Carlvik and Fukai, 


2x x 
0 X42 x+3 
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3. From Sauer, 


1 x N-(n+1) 
Thaan 1-(1+ 55) 


by comparison with the exact escape proba- 
bilities. 

None of these methods can easily take into 
account differences in reSonance parameters. 
Reference 9 considers the exact escape proba- 
bility 


—1 
P(x) =l- P (x) = |: a 


and obtains an average 


where I is the effective resonance integral for 
a particular resonance. Because the Doppler 
effect in each resonance is not proportional to 
its resonance integral, the use of the same re- 
lation for P, for a series of resonances in 
2380, for example, could lead to relatively large 
errors in temperature coefficients. 

A form of the Dancoff factor based on cell 
calculations with white boundaries — i.e., all 
neutrons striking the cell boundary are re- 
turned with a cosine azimuthal distribution and 
do not follow the laws of specular reflection — 
is shown, in Ref. 8, to lead to results in good 
agreement with Monte Carlo calculations. The 
paper also justifies the use of the white- 
boundary condition on theoretical grounds. 


Heterogeneous 


Graphite-Moderated 
Reactors 


A design calculation method for gas-cooled 
graphite-moderated reactors has been coded 
in FORTRAN II in the ARGOSY program.!® 
The principal approximations are: 


1. Spatial effects in fuel and moderator are 
ignored, and mean fuel and mean moderator 
effects only are evaluated. 

2. The generalized heavy-gas approximation 
is used to treat neutron thermalization. 
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3. Resonance integrals are not evaluat:: 
the method but are obtained (in the case of ` 
from tabular data. 


Three energy groups with upper-energy cu. 
of 4 ev, 10 kev, and 10 Mev are used. 


Thermal-Group Calculation 


A three-region cylindrical cell, with i 
Structure within the fuel region reduced 
simple flux-weighting factors, is used +. 
about 100 energy points. An interpolatioz :- 
tween narrow and wide resonance theory - 
used to compute fluxes through the pluton— 
resonance range. The thermalization int- 
fuel and moderator is approximated by = 
operator 


Lo = EZ, d/dx{ f(x) [x8 (x) 


+(x—1)d(x)]} (x= E. 


where f(x) is adjusted for crystal-binding +: 
fects as a function of plutonium concentrat ` 
and moderator temperature. The coupled $- 
and moderator equations are integrated us. 
a finite-difference scheme. 





Resonance-Group Calculation 


Tabular values for the 238U effective res- 
nance integral as a function of fuel temperat:: 
and Cex are utilized. 


YSeti 
C = —əŠ5—— .ax-— —a 
ex  4Na38Vftuel 


where y is a factor to correct for inaccurac::: 
in the normal Wigner rational approxima: : 
and S.¢, is the effective surface of the fuel ¢:- 
ment or cluster. These tables were made í: 
uranium oxide and metal by considering :: 
each resonance the proper mixture of nart: 
and wide resonance for potential scatter.- 
cross sections of uranium and oxygen. fF.’ 
2350 and 2393pu resonances, the infinite re:- 
nance integrals are reduced by factors ail: 
ing for self-shielding and shielding by *U x 
other isotopes. These can reduce the dl.’ 
values by about 20%. The spectrum in +- 
group is not calculated, but effects of other É 
sorbers are taken into account. 
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ast-Group Calculation 


A collision-probability approach is used in 
btaining reaction rates in fuel and moderator 
or each of three energy subgroups where a 
patially flat fission source in the fuel is as- 
umed. This yields flux-weighted capture, fis- 
ion, and removal cross sections. Diffusion 
oefficients for all groups are modified by 
treaming factors in the radial and axial 
irections. 

Point core criticality can be achieved through 
hanges in leakage, absorption, or fission 
ource. Equivalent control-rod cross sections 
re evaluated by determining the extrapolation 
istance from blackness coefficients as a func- 
ion of energy. A simple point burnup calcula- 
ion can also be performed. The IBM-7090 
ime required for a complete calculation in- 
luding burnup is about 5 min. 


<educed-Delayed- 
Neutron-Group 
tepresentation 


In the analysis of the dynamic behavior ofa 
‘eactor, considerable simplification results 
rom the use of a reduced number of delayed- 
ieutron groups, often with little sacrifice in 
iccuracy. The selection of the reduced-group 
arameters (delayed-neutron yield and decay 
constant) generally depends on the type of 
ransient being investigated. Reference 11 de- 
relops a reduced-group model chosen so that 
he resulting representation matches the re- 
ictor transfer function exactly in the limit of 
oth very-low and very-high frequency. This 
“equirement leads to the so-called “asymp- 
otic” representation, the parameters for which 
ire obtained from the following relations: 


2 B; = > Pi (1) 
I=) 1=1 
DB a= È BA, (2) 
j=l i=] 


Bo e, 
>: Ai ° 
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>=) — (4) 


where g = delayed-neutron yield 
= decay constant 
i= group index of the physical-decay 
groups 
n = number of the physical-decay groups 
j = group index of the reduced groups 
m = number of the reduced groups 


Equations 1 and 2 result from matching the 
transfer function in the high-frequency limit, 
and Eqs. 3 and 4 result from matching the low- 
frequency limit. The equations as given hold 
for any number of reduced groups, but at least 
two groups must be used to satisfy all four 
conditions. 

In some cases it is necessary to represent a 
particular group explicitly, for example, the 
longest lived group in cases where reactor 
shutdown is of interest or the shortest lived 
group for very rapid transients. In such a case 
the remaining groups are selected to satisfy 
Eqs. 1 to 4. Reference 12 contains a compila- 
tion of reduced-group parameters for various 
fissile isotopes with one reduced group (Eqs. 
1 and 3), two groups (Eqs. 1 to 4), and three 
groups (Eqs. 1 to 4 with either the longest or 
shortest lived delay group represented ex- 
plicitly). 

Reference 13 reports a method of obtaining 
reduced-delay-group parameters by a least- 
squares fit. The parameters are chosen such 
that the integral 


fh ET 


Re (Gla) 


is minimized where G(jw) is the transfer func- 
tion with all six delay groups and F(jw) is the 
transfer function with the reduced groups. Re- 
sults for two, three, and four reduced groups 
are tabulated for all fissile isotopes with the 
least-squares fit over a range of frequencies 
(w) of 0.001 to 10 radians/sec. A comparison 
of the reduced-group parameters obtained from 
the asymptopic and the least-squares approach 
as determined in Ref. 13 is given in Table I-1. 
In addition, Ref. 13 compares calculations of 
both the reactor transfer function and the re- 
actor response to positive- and. negative- 
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reactivity steps with the reduced-group models 
and the full six-delay-group model. 


Table I-1 COMPARISON OF REDUCED-DELAYED- 
NEUTRON-GROUP PARAMETERS FOR 25U 
(THERMAL FISSION)!3 


Asymptotic Least squares 
Two groups 
ry 0.0252 0.0410 
Ag 0.566 0.540 
By 0.00194 0.00293 
Ba 0.00459 0.00360 
Three groups 
(longest lived 
group isolated) 
Àl 0.0124 0.0124 (0.0278)* 
Ag 0.0342 0.0512 (0.0231) 
Àg 0.609 0.590 (1.568) 
ñ, 0.00022 0.00022 (0.00185) 
Ba 0.00263 0.00299 (0.00364) 
jy 0.00367 0.00332 (0.00104) 


*Three-groups straight least-squares fit. 
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Section 


| Fluid and Thermal 


Power Reoctor Technology 


iquid Metals 


2>ferences 1 and 2 are literature reviews of the 
gineering properties of various liquid metals. 
1ey contain data on properties suchas density, 
ermal conductivity, electrical resistivity, spe- 
fic heat, surface tension, vapor pressure, and 
scosity for metals such as mercury, sodium, 
idium-potassium, potassium, rubidium, and 
thium. Reference 1 is directed specifically to 
juid-metal heat transfer by forced convection 
id presents a comparison of theoretical and 
(perimental results. The report presents “rec- 
nmended” equations suitable for the engineer- 
g calculation of heat transfer in fully devel- 
ed turbulent flow in circular tubes, heat 
ansfer in fully developed turbulent flow through 
bes of noncircular cross section, and heat- 
‘ansfer-coefficient correlations for flow par- 
lel to bundles of circular rods and across a 
aggered tube bank. The discrepancies between 
<perimental and theoretical results are dis- 
issed, and several reasons for the discrepan- 
ies are suggested. 


Data on forced-convection heat transfer and 
ressure drop for boiling potassium are given 
| Ref. 3. The particular system considered in 
ie reference is quite Specialized in that the 
xperiments were done to obtain design data 
)r a potassium boiler constructed of serpen- 
ne tubes. Nevertheless, the reference gives 
iSight into the difficulties of experimentation 
ith liquid metals and the techniques employed 
) determine heat-transfer coefficients in rather 
Omplex systems. Figure Il-1 illustrates the 
Irced-convection local-boiling heat-transfer 
oefficients for potassium boiling inside ser- 
entine tubes. The figure shows the “best-fit” 
Orrelation. The data, which show considerable 
catter, are not reproduced here, but are given 
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in Ref. 3. The range of experimental parame- 
ters is shown in Table II-1. 

It is interesting to note that the stability of 
the boiling loop proved to be a continuing prob- 
lem in the experiments. The loop, which was 
constructed of Haynes 25 alloy, consisted of a 
preheater, a test boiler, a superheater, and an 
air-cooled condenser, coupled with an electro- 
magnetic flowmeter and pump. Much of the 
instability problem was said to originate in the 
preheater-preboiler portion of the loop as the 
result of subcooled nucleate boiling, despite the 
fact that a rather large pressure drop was es- 
tablished by use of a throttle valve just down- 
stream of the electromagnetic pump. The au- 
thors conclude that the stability of two-phase 


| 
| 


Local Boiling Heat-Transfer Coefficient; h, Btu/(hr)(sqftXeF) 





O 20 40 60 80 100 


Loca! Vapor Quality , % 


Fig. H-1 Forced-convection local-boiling heat- 
transfer coefficients for potassium inside a serpen- 
tine tube.? 
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Table I]-1 RANGE OF EXPERIMENTAL PARAMETERS 150 
IN BOILING POTASSIUM EXPERIMENT? 
Potassium flow rate, lb/hr 17 to 25 100 
Vapor quality, % 0 to 100 
Boiling AT, °F 2 to 170 
Boiling temperature, °F 1625 to 1725 ° 75 
Heat flux in test boiler, Btu/(hr)(sq ft) 17,000 to 52,000 5 
Max. heat flux in preboiler 64,000 x I 
Boiling pressure, psia 42 to 62 2 
Max. vapor velocity, ft/sec 330 n 50 
Test duration, hr 3625 
Boiling hours 980 
25 
potassium systems cannot be studied by simu- o — 


lation with water or other common fluids. The 
pressure-drop data taken during the experi- 
ments were found to correlate within +20% by 
the Lockhart-Martinelli correlation. 

Reference 4 presents data on the boiling-heat- 
transfer coefficients and burnout heat fluxes 
for pool boiling of sodium. The reference 
describes in some detail two sodium loops, 
the larger of which accommodates an instru- 
mented electric heating element on which accu- 
rate surface-temperature measurements can 
be made at heat fluxes up to 10° Btu/(hr)(sq ft) 
in boiling sodium. The test-section portion of 
this large loop, called the “working loop” in 
Ref. 4, is fabricated of graphite, electrically 
insulated with a boron nitride sleeve. The 
test section, which is heated by the resistance 
of the graphite, is capable of working to the 
heat flux of 10° Btu/(hr)(sq ft); a second test 
section heated by electron bombardment is 
being developed to extend the heat flux limit to 
5 x 105 Btu/(hr)(sq ft). The data recorded in 
Ref. 4 on heat-transfer coefficients and burnout 
heat flux are of a preliminary nature but never- 
theless would be of interest to the specialist. 

Reference 5 reports on the determination of 
void fractions, slip ratios, and flow rates for 
liquid-vapor metal systems in pipes under 
critical-flow conditions. The Fauske model is 
applied to calculate the void fraction, the slip 
ratio, and the two-phase critical flow rates for 
mercury, cesium, rubidium, potassium, sodium, 
and lithium under the postulate that the mecha- 
nisms causing critical flow in the liquid-vapor 
Systems are the same as in steam-water sys- 
tems. Figure II-2 illustrates, for example, the 
theoretical prediction of the slip ratio for 
rubidium under critical-flow conditions. Ac- 
cording to Ref. 5, no experimental data exist 
pertinent to the critical flow of liquid metals; 
it is therefore not possible to compare the the- 
oretical predictions with experimental results. 


O 50 IOO 150 200 250 300 


Pressure ,psiÀa 


Fig. I -2 Theoretical prediction of slip ratio for ;: 
bidium under critical-flow conditions.5 


Two-Phase Systems 


The relatively large volume of literature 
pertinent to two-phase flow indicates continue 
interest in the associated phenomena. Refer- 
ence 6 is an extensive annotated bibliograpt: 
on the heat transfer and hydraulics of gas- 
liquid systems. A total of 2843 documents art 
cited in the bibliography, and the subjects cort- 
ered represent a wide range of interests. These 
include such items as the critical heat flux. 
flow patterns, nozzles, phase and velocity dis- 
tribution, pressure drops, separation of mix- 
tures, transients and instability, turbulent flox. 
and visual observations. The references wer: 
published between 1950 and 1962 in Nucla: 
Science Abstracts, Chemical Abstracts, Scienc: 
Abstracts — Section A, Engineering Index, ax 
Applied Mechanics Reviews. It is believed that 
the volume will prove to be a valuable assett 
workers in the field of two-phase hydraulics 
and heat transfer. 


References 7 to 12 are somewhat specialize 
and will not be reviewed in detail. The cons:¢- 
eration of the group as a whole, however, indi- 
cates the basic lines of attack in attempts t 
discover basic information on two-phase flov 
and heat transfer. References 7 and 8 deal wit: 
pool boiling. References 9 and 10 are air-wate: 
studies pertaining to annular, two-phase flow. 
References 11 and 12 deal with flow regimes. 
Reference 12 is particularly interesting in tha! 
it reports on an experimental program to de- 
termine the transition point between slug- an 
annular-flow regimes at» elevated pressures. 


aes eee ee a a St ee Si Tu — — — O ` a sss 
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[he Armadilla loop at Argonne National Labo- 
`atory was used to produce a steam-water mix- 
ure at pressures up to 600 psig. Conductivity 
neasurements were made in the riser of the 
est loop by means of a suitably designed probe. 
This probe measured the electrical resistance 
yetween the center of the pipe and the wall; 
when the probe was dry, the resistance was 
rery high, and, when wet, the resistance was 
relatively lower. Figure II-3 is indicative of 
he results obtained in the study. The figure 
shows the superficial vapor velocity plotted 
igainst the superficial liquid velocity and indi- 
sates that the transition between the slug- and 
innular-flow regimes was not a step change, 
jut that there existed a region designated as 
‘transition” wherein the major mode of liq- 
ud transport corresponded to slugs with a 
arge number of bubbles entrained in them. As 
he superficial vapor velocity was further in- 
>reased, fully developed annular flow was es- 
‘ablished. It was found that the transition be- 
‘ween the slug- and annular-flow regimes ata 
riven pressure occurred at almost constant 
juality, independent of flow range, provided that 
the following relation was satisfied: 


Ves Og 5 
> 2.0 
gD p, 


Where VW, is the superficial vapor velocity, 
2 is the pipe diameter, and p, and p, are the 
iquid and vapor densities, respectively. The 
juality at which the transition occurred ranged 
trom 8.6% at 215 psia to about 18% at 615 psia. 
The following quotation serves to summarize 
the results: ! 


... Physically, the picture that emerges from 
these experiments is as follows. When the quality 
is passed through at which slugs can form, they do. 
As the annular flow region is approached, these 
slugs begin to lose liquid to the wall as they rise, 
ultimately being completely consumed if the pipe is 
long enough.... If the heat flux were higher, or 
perhaps if the region in which slug flow could exist 
were shorter, slug flow might never develop, and 
one could go right from bubbly to annular flow. 

Repeated attempts to obtain bubbly flow in this 
apparatus always were unsuccessful. Either the 
heat flux was too low or the pump too small for this 
condition ever to exist. In the 0.875-in. ID pipe, the 
maximum inlet liquid velocity was only 10 ft/sec. 
This is apparently insufficient to give bubbly flow 
as the fully developed condition. In addition, the 
water was very pure, which also made it difficult 
to obtain bubbly flow. It would appear that bubbly 
flow is an important flow regime only when the 
pressure and/or the heat flux is very high. 
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Fig. H-3 Flow-regime map for 0.375-in. pipe.'? 
Pressure is 615 psia. (The open symbols are slug 
flow, and the solid symbols are annular flow.) 


It is natural that both the analyst and the 
experimenter would like to “see” what is going 
on within the test section; indeed, the author of 
Ref. 12 does present pictures of air-water flow 
tests at low pressure. References 13 to 15 are 
devoted to results of photography and X radiog- 
raphy of two-phase flow systems. A perusal of 
these documents indicates that the problems in 
optics connected with photographing gas-liquid 
mixtures probably are as formidable as the 
problems of analyzing the results obtained from 
such experiments. The technique discussed in 
Ref. 14, that of radiography, appears quite 
promising in that it does allow studies using 
opaque tubing and high pressures. The discus- 
sion in that reference is devoted to a large ex- 
tent to the mechanics of obtaining the X-ray 
photographs, although a few results of the ex- 
periments are given pictorially. The positive 
prints of the X-ray plates shown illustrate that 
it is remarkably easy to tell the positions of the 
liquid and gas phases (in this case air) within 
the tube, and the pictures show various flow 
regimes. 

Reference 15 reports on experiments designed 
to study boiling flow of. steam-water mixtures 
at atmospheric pressures. High-speed motion 
pictures were made for a variety of flow, rates 
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and heat fluxes utilizing a transparent rectan- 
gular channel heated by a strip of metal at one 
side of the flow channel. The reference repro- 
duces a relatively large number of frames of 
motion pictures which illustrate bubble-, co- 
alescing slug-, and annular-flow regimes. An 
unusual procedure was developed for measur- 
ing the velocities of the various liquid and 
vapor phases. The reference also contains a 
quantitative discussion of the important vari- 
ables affecting the transitions between the dif- 
ferent flow regimes. 

A relatively large number of publications 
(Refs. 16 to 23) pertain to the hydrodynamics 
of two-phase flow. Included are papers on two- 
phase pressure drop,1%11 nozzle flow,18,19 and 
the prediction of critical flow rates for two- 
phase mixtures.?°"? Reference 16 compares a 
number of analytical methods for the prediction 
of two-phase pressure drop with experimental 
results. The analytical techniques were those 
of Levy, Marchaterre, and Martinelli and Nel- 
son. Experimental pressure drops were mea- 
sured for circular and annular channels. The 
results are compared graphically, and no single 
correlation was found to represent the data 
adequately. Neither the Martinelli and Nelson 
nor the Levy correlation provides for the effect 
of the mass flow on the pressure drop, and this 
effect appeared to be a relatively large one in 
the experimental results. 

The information in Ref. 17 includes two- 
phase pressure-drop data as experimentally 
determined for a variety of piping components 
such as bends, tees, expansions, contractions, 
and valves. Most of the data were obtained at 
1200 psia (although a few points were run at 
800 and 1600 psia) at mass velocities from 1 to 
4 million lb/(hr)(sq ft) and at qualities up to 
24 wt.%. Pressure-drop ratios were deter- 
mined for straight-pipe flow and were found to 
be correlated “favorably” by the Levy model. 
The effect of flow rate on the pressure-drop 
ratios was negligible, and the author mentions 
that this behavior is not consistent with the re- 
sults of other investigators. The author!’ sug- 
gests that this comes about because of the rela- 
tively large pipe diameter — 2 in. — used in his 
measurements. The reference presents a cor- 
relation relating the two- to single-phase pres- 
sure-drop ratio of bends to the ratio for straight 
pipes over the pressure range 800 to 1600 psia. 
Resistance coefficients were obtained for con- 
traction and expansion losses on the assumption 


of a homogeneous mixture, and the coeffic:. 
agreed reasonably well with the data pres: 
in standard engineering textbooks. The raz 
the two- to single-phase pressure drop for: 
through an orifice at 1200 psia was calc... 
by the homogeneous model, and the results - 
peared to agree fairly well with the expen: 
tal data. The pressure losses in flows thr:. 
gate and globe valves, however, did not cer:- 
late very well with calculations based o: = 
homogeneous model. 

The expansion of two-phase fluids tbr- 
converging-diverging nozzles is discusse: - 
Refs. 18 and 19. The emphasis in these ~ 
papers is not on reactor design, althougi ` 
information they present could be apple: ` 
mass-flow-rate determination. Reference: 
to 23 pertain to the predictions of critical © 
of single- and two-phase mixtures. These :: ` 
erences contain both experimental and anz- 
cal predictions of critical flow rates in a ` 
ety of geometries; the results may be usef.. 
the field of nuclear safety, since two-c=- 
critical flow usually would occur in the <: 
charge of coolant from a pipe or press: 
vessel break into the reactor containment s:- 
tem. Reference 21, for example, reports 
experimental determination of the discharz: 
steam-water mixtures from short lengths 
pipe at upstream pressures approaching ` 
psia. The reference”! presents an equation c.: 
relating experimentally determined data. 

The subject of boiling burnout is covere. 
Refs. 24 to 27. Reference 24 gives the res... 
of an investigation into forced-convection wr. 
out in Freon and deals with the uniformly hez: 
round tubes utilizing vertical upflow. The us: 
Freon (also called “Acton” in the reference - 
an attempt to gain an insight into the me: 
nism and important parameters affecting bur: 
out in steam-water systems without encoun: 
ing the many experimental difficulties inv.!"~ 
with the actual use of steam and water. T" 
material (Freon-12) has low vapor pressure: 
a low latent heat. This combination of phys: - 
properties enabled the Freon loop to operat: 
low pressures and temperatures with low x: 
requirements. The reference reports exz:: 
mental data and compares them to results `- 
tained in steam-water experiments, witb ` 
following conclusions:*4 


The qualitative similarity in Shapes u! fun- 
and detailed effects between the Acton 12 ¢:- 
155 pounds per squarē*inch_ and data for wx: 
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1000 pounds per square inch indicates a high prob- 
ability of success in developing model techniques 
at least for the study of burn-out in high-pressure 
water systems. 


References 25 to 27 all deal with experimen- 
.1 studies of burnout in bundles of heated rods. 
his subject was previously considered in the 
oring 1964 issue of Power Reactor Technol- 
rv, 7(2): 154-165. This previous review con- 
luded that the experimental results for burnout 
ı multirod geometry were not well understood. 
art of the problem was believed to lie in the 
ifficulty of determining the amount of mixing 
‘om one flow subchannel to another within the 
iultirod bundle. Accordingly the information 
ppearing in Ref. 25 is of interest in that it 
eports boiling burnout data taken with two 
ifferent types of rod spacers, “wires” and 
warts.” The Hanford tests done with the wire- 
rapped bundle were reviewed in the earlier 
ssue Of Power Reactor Technology, and the 
ata given in Ref. 25 compare results obtained 
‘then the wire wrapping on the rods is replaced 
y the so-called warts. The warts were made 
f alumina having a length of %, in., a width of 
.17 in., and a thickness of 0.048 in. and were 
ositioned on the heated rods by placing them 
1 slots cut in Inconel ferrules soldered to the 
eated rods. The test section was housed ina 
orizontal 3.25-in.-ID pressure tube, and pres- 
ure was controlled to 1200 psig. Results indi- 
ated that “there is no discernible difference in 
1e burnout heat fluxes between the test sec- 
ions with rods spaced with wire wraps and the 
əst sections with rods spaced with warts,’’° 
‘he authors comment” that this was somewhat 
nexpected, in that they believed that the degree 
f mixing would be increased by the use of the 
rire-wrapped test section and that this increase 
rould result in higher burnout heat fluxes. A 
umber of explanations offered for the lack of 
ifference in the two sets of data include the 
dllowing: (1) the amount of mixing between the 
ubchannels is the same with the wire wrap as 
ith the warts; (2) a spacing effect predomi- 
ates over mixing in determining the burnout 
onditions; (3) the increased mixing caused by 
he wires is offset by the tendency of the wires 
3 Strip the liquid film from the rods. 


Reference 26 reports on burnout experiments 
mploying a 19-rod bundle as a test section and 
Sing “fog” as a coolant. A cross section of the 
undle is shown in Fig. III-1 of Power Reactor 
"echnology, 1(2): 154. The test section used to 
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take the data in Ref. 26 employed the wart type 
spacers to ensure that the rod-to-rod spacing 
(0.074 in.) was maintained. Experiments were 
conducted at pressures of 1000 and 1200 psia 
with flow rates from 500,000 to 2 million lb/ 
(hr)(sq ft). One of the test sections had a “flow 
diverter” present (about 14 in. upstream of the 
heated length) which was designed to direct the 
coolant flow to the interior of the bundle at that 
point; the second test section was similar but 
was constructed without the presence of the flow 
diverter. The presence of the flow diverter had 
little effect on the burnout heat flux when the 
coolant at the inlet was fog, but the diverter did 
increase the value of the burnout heat flux some 
10 to 20% for subcooled water. Possibly the 
most important piece of information coming 
from the tests?® was the demonstration of the 
importance of the hydraulic stiffness of the 
system on the value of the burnout heat flux. 
Figure II-4 illustrates the burnout heat flux as 
a function of the outlet enthalpy for a pressure 
of 1200 psia. The discontinuities in the curves 
shown in Fig. II-4 were believed to be caused 
by the presence of a compressible medium, 
steam, in that portion of the test loop between 
the steam generator and the test section. The 
presence of this instability complicates the 
data and makes their comparison to other re- 
sults difficult. Of more importance, it indi- 
cates extreme care must be taken in applying 
laboratory data to reactors whose hydraulic 
characteristics may be different from those of 
the laboratory apparatus. 

In British work?! on the effect of rod spacing 
on burnout in a simulated rod bundle, the test 
section simulated the gap between the rod type 
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Fig. U-4 Effect of system pressure on boiling burn - 
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elements in a multirod bundle by means of a 
“dumbbell” test section. The cross section of 
the dumbbell test section is shown in Fig. II-5; 
the use of such a mock-up permits experi- 
ments to be carried out in loops of reduced 
power capability. The heat generation at the 
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Fig. II-5 Details of the dumbbell test section. 


neck of the dumbbell test section was increased 
for some of the runs by fixing a strip of stain- 
less steel to each neck, and tests were run at a 
pressure of 960 psia, with a mass velocity of 
2 million lb/(hr)(sq ft) and vertical upflow of 
water. Tests were also made with a tubular test 
section of the same diameter as the lobe of the 
dumbbell test section. The total length of the 
test section was about 7 ft, with the first 6 ft 
being utilized as a preheater and the last 9.5 in. 
being instrumented to detect burnout. The sur- 
faces of the neck portion of the test section 
could be forced closer together by insulating 
blocks, and the gap therein varied from about 
0.04 to 0.2 in. The results indicated that for 
tests with uniform peripheral heat flux the 
value of the gap was unimportant for gaps 
ranging within the values just mentioned. Burn- 
out occurred at the exit end of the test section 
and on the lobe rather than at the neck. Addi- 
tional tests were done with local increases of 
heat flux at the neck of the test section, and an 
arbitrary increase of 40% in heat flux was made 
by the inclusion of the metal strips. The effect 
of the gap was again small, although in these 
runs burnouts did take place in the region of the 
test-section neck. Correlation of the tubular 


burnout data?’ with the data from the dumbt-. 
illustrated that burnout occurred in the r 
test sections at equivalent values of heat flux. 

The remaining group of reports28-392 dé... 
with experimental and analytical studies oi: 
dynamics of two-phase systems. Three of ~ 
reports?" cover analytical studies, ani ': 
remaining two reports discuss experime:’ 
results. The analytical approaches are .-. 
based on the fundamental conservation ec.-- 
tions dealing with mass, energy, and morm-.. 
tum plus an equation of state. They are <:- 
ferent in the techniques used to solve ! 
equations and the models of the system u: 
which the equations are based. The treatm:: 
in Ref. 28, for example, uses the simpli: 
model illustrated in Fig. H-6, and the dic: 
ential equations are solved by the “modif::_- 
Euler” integration process combined with -- 
propriate iterative procedures. The author . 
Ref. 29 considers the idealized natural-c:: 
culation system shown in Fig. IH-7V7, and: 
solution of the equations is accompanied : 
perturbation theory. Figure II-8 illustrates >- 
system studied in Ref 30, in which pertur’-- 
tion theory is again used to achieve a solut.. 
The treatment in Ref. 28 is quite comple’: 
reactivity feedback in the reactor is prov: 
and is coupled into the time-dependent s:..- 
tions. Separate energy-conservation equat: - 
for the fuel, cladding, and the heat excha::- 
are also included, and separated flow is -:- 
sumed. The author of Ref. 29 obtains the vc.. 
reactivity feedback by integrating the proż: 
of the perturbed void fraction, both spat... 
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nd temporally, and the reactivity worth of the 
oids. The treatment of power generation in 
‘ef. 30 assumes that the rate of vapor genera- 
ion in the heater is constant or is proportional 
> the system density at point 2 (see Fig. II-8). 


It is feasible here only to mention a few of 
1e general results of the rather complex dy- 
amic analyses. The mathematical model de- 
eloped in Ref. 28 is compared to experimental 
esults obtained at General Electric Company, 
itomic Power Equipment Department. The au- 
hors conclude that “the period of oscillations 
nd threshold of instability predicted by the 
resent analysis are in good agreement with 
he test results.” The analyses are then applied 
n studying the response of a “typical” boiling- 
vater reactor to a variety of perturbations. In 
tef. 29 the analytical solutions obtained are 
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applied to several specific problems, namely, 
the dependence of stability on steady-state con- 
ditions, the effect of pressure drops in the 
downcomer and at the inlet to the channel, and 
the stability of a parallel-channel system with 
a common downcomer. The effect of the channel 
length on the dynamic behavior of the system is 
also studied.’ The author of Ref. 30 has spe- 
cialized his solution to the case of a short 
heater followed by a long insulated duct and 
Orifice, and also a long heater immediately 
followed by an orifice with no insulated duct. 
Briefly the author concludes that, whenever a 
fluid density ratio greater than about 3 exists 
across an evaporator, there is a possibility of 
the development of flow oscillations. 

The experiments reported in Ref. 31 are 
preliminary in nature and were done with two 
parallel heated channels. Both single-phase 
liquid (subcooled water) at atmospheric pres- 
sure and steam-water mixtures were employed 
as feed to the test sections. Heating was ac- 
complished by the condensation of steam at 
pressures ranging from 20 to 50 psi. The re- 
sults illustrate that a negative slope of the 
curve of mass flow rate vs. pressure is nota 
necessary condition for the occurrence of os- 
cillatory instabilities. The authors also con- 
clude that, when there is net quality in the feed 
to the heated test section, no oscillatory insta- 
bilities will occur. This conclusion appears to 
disagree with the data presented in Ref. 26; in 
that study the presence of steam in the piping 
between the steam generator and the test sec- 
tion was believed to have allowed flow oscilla- 
tions in the test section. The problem is 
complicated, however, by the fact that the 
“springiness” of the entire test loop depends 
on its constructional details; and, although the 
test loop used to take the data appearing in Ref, 
31 did employ two-phase mixtures at the test- 
Section inlet, it may well be that the flow loop 
nevertheless was “stiff.” 

The test section utilized in Ref. 32 was an 
electrically heated stainless-steel tube (0.045 
in. in inside diameter and 4.5 in. long). Although 
the tests were run at 200 psia, apressure lower 
than that ordinarily used for water type reac- 
tors, the results still are of general interest. 
The author notes that at low values of subcool- 
ing it is possible to obtain high void fractions 
due to the presence of unquenched bubbles. The 
bubbles exist because, as the subcooling of zero 
is approached, the temperature driving force 
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transferring heat from the bubbles to the bulk 
liquid becomes small, with the result that the 
bubbles have relatively long lifetimes. The 
presence of the nonequilibrium situation within 
the flow channel resulted in a departure from 
the characteristic burnout pattern in subcooled 
water. The most noticeable result of this was 
the reduction of the burnout heat flux to rela- 
tively low values. The author suggests that this 
is due to the initiation of “froth flow” as the 
unquenched bubbles are entrained in the liquid. 
The reference presents a table of critical-heat- 
flux data taken with the apparatus, and each 
burnout point is accompanied by a description 
of a hypothesized local flow regime. The local 
flow regimes were identified by consideration 
of the behavior of the test-section instrumenta- 
tion and the past history of a particular run. 
Some idea of the technique can be obtained by 
considering Fig. Il-9. Figure I-10 illustrates 
the effect of instabilities on the burnout heat 
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flux for the hypothesized annular flow. T: 
author comments on the figure as follo: 


The positive slope of the critical heat flux-si- 
mass velocity relationship [see Fig. II-10] wru.” 
characteristic of unstable annular flow, is dire. 
counter to the negative slope typical for stable! - 
Since the slug-flow data follow a similar beh... 
this characteristic may be applied to distr- 
between stable and unstable flow conditions in =+ 
tems using high-damping, slow-response secu”: . 
flow meters, such aS mercury manometers. 


This was one of the points made in the revi: 
article in the Fall 1964 issue of Power Re: . 
Technology, (4): 335. 
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Section 


III Fuel Elements 


Power Reactor Technology 


Fuel-Performance 
Evaluations 


An engineering proof test of seven UO, fuel 
rods, which were 0.412 in. in diameter and 
which were clad with type 304 stainless steel, 
was successfully completed! in a borated pres- 
surized-water loop in the Westinghouse Testing 
Reactor (WTR). The loop conditions! are sum- 
marized below: 


Average coolant inlet 


temperature, °F 560 to 580 
Coolant pressure, psi 2000 
Flow rate, gal/min 62 
Chlorine, ppm <0.1 
Boron (as Hs; BO,), ppm 1500 + 50 
Hydrogen, cm? (STP) per 

kilogram of H,O 30 
Oxygen, ppm <0.1 


The elements were irradiated to a maximum 
burnup of 4000 Mwd per metric ton of uranium 
at a maximum heat flux of 340,000 Btu/(hr) 
(sq ft) for the purposes of demonstrating the 
feasibility of boron chemical shim and the per- 
formance of fuel rods in the large-plant design 
of the Large Closed Cycle Water Reactor Re- 
search and Development (LRD) Program.* The 
fuel bundle was fabricated as a simulation ofa 
four-rod segment of the fuel assembly in the 
large plant. The 2.07% enriched UO, fuel pellets, 
of 0.379-in. diameter, were fabricated to 96% 
of the theoretical density and were clad with 10% 
cold-worked type 304 stainless steel that was 
0.016 in. thick. The fuel-cladding diametral 
gap of 0.004 in. was filled with air. An attempt 
to measure in-pile thermal expansion of the UO, 
fuel column by means of markers inside the 


*The LRD Program was discussed in Sec. V of 
Power Reactor Technology, 8(2). 
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cladding, to differentiate between the pezi: 
mance of dished and flat pellets, did nots. - 
ceed. Postirradiation evaluation indicated s- 
isfactory performance, and the results | 
fission-gas-releaSse measurements and ps- 
irradiation microstructure evaluations ¥%:: 
consistent with those generally anticipated: | 
UO, fuel rods operating under comparable -: - 
ditions. 


The rods that achieved an average burnu | 
6.4 x 1029 fissions/cm’ in the blanket of t: 
Shippingport reactor at the end of the third sé! 
life have been examined.? One of these ro: 
Operated at an average cladding-surface ter- 
perature of 515°F and a lifetime avera: 
surface heat flux of 155,000 Btu,/‘(hr)(sq f 
Although the lifetime average heat flux ` 
139,000 Btu/(hr)(sq ft) noted for the secer: 
rod would appear to provide little addition! 
interest, it was found that a heat flux of 428.4: 
Btu/(hr)(sq ft) had occurred in this rod fc: 
about 200 equivalent full-power hours. 


Results of postirradiation examinations inċ- 
cated no cladding failures, no changes in fue.- 
rod diameters, and fission-gas release less tz: 
1% of that generated. In addition, there was 
evidence of structural change in the UO, wt! 
it was compared with unirradiated microstm:: 
tures. The range of hydrogen concentraton - 
the cladding of these fuel rods was 51 to”! 
ppm; this represents only a very small increas 
in the hydrogen content when compared wit! | 
nominal content of about 40 ppm in the 3:- 
vacuum-annealed unirradiated cladding. All h: 
drides were in a random orientation. The ran: 
of oxide film thickness was 47 to 99... 

Results of irradiation tests of multicomp” 
nent tubular UO, fuel elements have been r°- 
ported.’ A tube-and-rod assembly was irradi: 
ated in a test loop in the Engineering Te?! 
Reactor (ETR) at a target maximum surface nti: 
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x of 320,000 Btu/(hr)(sq ft). During early 
tiges of the irradiation, a burnout occurred 
ich was the result of locally reduced coolant 
ww caused by a crossover of two thermo- 
uples. A nested tubular element (tube-tube- 
d) fabricated by vibratory compaction of UO, 
© O.060-in.-thick Zircaloy-2 cladding, to 
nsities in the range of 83 to 88% of the theo- 
tical density, was irradiated at 350,000 Btu/ 
r)(sq ft). After 10 reactor scrams and inad- 
rtent severe thermal transients, fission-gas 
akage was noted. Visual examination of the 
ement failed to indicate defects. During dis- 
‘sembly of the components of the test ele- 
ents, a fibrous material was found lodged 
‘tween the rod and the inner tube and adja- 
nt to a cladding failure. It was concluded that 
ilure was induced by flow blockage caused by 
1trapped foreign matter. Extensive hydriding 
as noted at the cladding failure and further 
abstantiated the postulated cause of failure. 
he appearance of the microstructure of both 
ye fuel and the cladding in the region of the 
ailure indicated that failure resulted from in- 
2rference with surface heat transfer rather 
nan from excessive local heat generation. A 
hird element, containing the tube-tube-rod ar- 
ay similar to that described immediately 
bove, was irradiated to its target burnup of 
360 Mwd per ton of UO, at a maximum sur- 
ace heat flux of 400,000 Btu/(hr)(sq ft). Post- 
rradiation evaluations indicated that less than 
0% of the fission gases and less than 50% of 
he sorbed gases were released. 

Evaluation‘ of the influence of irradiation on 
he ductility of Zircaloy tubing by means of 
nechanical burst, weld-shear, and bend tests 
1as indicated no effective loss in ductility after 
2xposure to an integrated fast flux of 107° neu- 
trons/em* at less than 100°C. Tubular fuel 
2lements up to 2 ft long, with outside and in- 
side diameters of about 2, and 1!/, in., were 
fabricated with Zircaloy-2 or low-nickel Zir- 
Caloy-2 cladding. The fuels used were vibra- 
lory-compacted and vibratory-compacted-and- 
Bwaged UO,. The following conclusions are 
ñuoted from Ref. 4: 


The results of these tests indicate that large 

' diameter tubular elements should not fail by either 
_ sheath rupture or weld separation due to irradiation 
embrittlement. In this event. calculations have 
shown that the limiting stress should be that stress 
required to cause sheath collapse. The tests also 
showed that the irradiation exposures, up to ap- 
proximately 102° nvt, had no noticeable effect on the 
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sheath ductility, as measured by mechanical burst 
tests. 

These conclusions would be invalid, however, if 
severe hydriding, such as was previously observed 
in the ... test series, were present. 


Prototype fuel elements for the first Mobile 
Low Power Plant No. 1 (ML-1) core loading 
have been irradiation tested® in a gas-cooled 
General Electric Test Reactor (GETR) loop. 
The ML-1 core contains 61 fuel elements that 
are arranged in 61 pressure tubes located in 
the reactor calandria. Each fuel element con- 
tains 19 pins, with 1 unfueled pin in the center 
surrounded by two concentric rings containing 
6 UO, and 12 BeO-UO, fuel pins. The objectives 
of these tests, in addition to providing irradia- 
tion performance data, included verification of 
design calculations concerning hot-spot limits 
and determination of in-pile corrosion resis- 
tance of Hastelloy X to the coolant gas. It was 
also noted that the closed Brayton cycle used 
in the ML-1 plant was highly sensitive to pres- 
sure losses. For example, an increase of 1 psi 
in the system pressure drop resulted in a loss 
in net thermodynamic output of 6 kw. Hence 
another objective of the tests was to evaluate 
the influence of corrosion-product buildup or 
changes in fuel-element configuration on pres- 
sure drop. 


The conditions in the gas loop are summa- 
rized below:5 


Element power, kw 55 
Inlet coolant 

temperatures, °F 800 
Outlet coolant 

temperatures, °F 1200 
Mass flow rate, 

lb/hr 1560 
Loop operating 

pressure, psia 315 


Two fuel elements, one of which was instru- 
mented, were irradiated for 6415 hr in a cool- 
ant gas that was 99.5 wt.% N, and 0.5 wt.% O3. 
The irradiation testing of the uninstrumented 
fuel element was continued in air for an addi- 
tional 3736 hr. 


Results’ of cladding-temperature measure- 
ments indicated good agreement with previous 
calculations, and it was concluded that the hot- 
spot limit of 1750°F would not be exceeded at 
the full element power of 55 kw. Results of 
pressure-drop measurements during the test 
indicated no problems with respect to possible 
reductions in the net thermodynamic. output of 
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the cycle. Postirradiation examination of the 
cladding microstructure indicated the forma- 
tion of a massive second phase, which was due 
to an apparent reaction between nitrogen and 
Hastelloy X in all fuel pins that were instru- 
mented. It was postulated that leaks were pres- 
ent at the brazed joints between the fuel and 
thermocouples and that the coolant gas perme- 
ated the inside of the fuel rods; nitrogen was 
measured in these rods. It was further postu- 
lated that the fuel gettered the O,, leaving an 
oxygen-free N, atmosphere that reacted with 
the Hastelloy X to form a second phase which, 
in some cases, formed a continuous layer on 
the inside surface of the cladding and extended 
intergranularly through the thickness. All tubes 
that contained this second phase were severely 
embrittled. It was stated? that problems of this 
nature are not anticipated in the operating re- 
actor. 

The fuel pins in the 19-rod fuel assembly 
were spaced by means of spirally wrapped 
spacer wires on each pin. Asaresultof a 300°F 
difference in temperature between the fuel pin 
and the spacer wire, spiral bending of the fuel 
pins was observed, after irradiation, on a pitch 
that was almost the same as that of the wire 
wrap. It was concluded that the pin bending was 
a result of unequal expansion of the fuel pins 
and spacer wires. 

An understanding of the performance of so- 
dium-bonded hypostoichiometric UC fuels dur- 
ing transients has been obtained through capsule 
testing in the Transient Reactor Test Facility 
(TREAT). Rods resembling the second Hallam 
fuel loading and containing 0.872-in.-diameter 
carbide fuel (4.58% carbon) clad with stainless 
steel of 0.952-in. outside diameter and 0.010-in. 
wall thickness were subjected to a total of five 
transients. A summary of results is given in 
Table HI-1. 


` 1 second without serious consequence. 
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Evidence of uranium migration was not be 
even after bursts that provided fuel temper- 
tures in excess of 2700° F. Bursts that increas: 
the temperature to about 4200° F did not pron: 
evidence of melting. However, a decrease int: 
amount of free uranium was noted, andi | 
postulated® that uranium became redissolvi_ 
the UC. Temporary boiling of the sodium, xk. 
probably occurred during the final transie 
was rapidly quenched by cooler sodium locz:: 
about the boiling region. The integrity oft 
fuel rod was such that it was concluded t 
“power levels of fuel rods of this type: 
reach values which are 100 times maxim 








steady-state levels for pulse duration of av. 
s 8 


Incoloy 800 Cladding 


Incoloy 800 is being evaluated! as a possit.: 
fuel-cladding material for use in nuclear supt:- 
heat reactors. Procurement, quality contr. 
fabrication, and metallographic evaluation :: 
Incoloy 800 are described in detail in Ref. ` 
Prior to 1962 there was little information = 
the fabrication of this material into thin-wali: 
tubing. 

Some of the first tubing received in È 
welded and drawn condition exhibited unhomoc- 
enized weld zones and disturbed surface ly- 
ers. It was shown that the weld zone was 4 p- 
tentially weaker area than the base metal. - 
was concluded that the microstructure of i- 
incoming Incoloy 800 tubing should show:' 


1. No dendritic segregation in the weld zone. 

2. Equal grain size in the weld zone and pared! 
metal. 

3. Grain size smaller than ASTM Number 5. 


Complete recrystallization of the weld 2 
could be achieved by annealing in the temper- 


Table III-1 RESULTS OF TREAT TESTS* OF SODIUM-BONDED URANIUM CARBIDE FUEL RODS 





Initial 





TREAT reactor Peak central Peak Peak Peak pressure 
Transient energy, period, fuel temp. fuel temp.,T bond temp. increase in 
number Mw/sec sec (measured), °F °F (measured), °F fuel section, psi 
1 30.7 0.259 1025 1060 845 a 
2 63.3 0.157 1380 1520 980 8 
3 180.0 0.158 2540 2760 1475 16 
4 31,4 0.259 1030 1030 835 2 
5 293.0 0.101 3970 4200 1840 20 





*Initial temperature about 700°F; initial pressure about 32 psia (fuel section and inner capsule). 


tEach value represents the maximum temperature at any position in the fuel since, as a result of 
pression, the peak transient temperature would not be expected to occur in the center of the fuel slug. 
are based on analog calculations and the measured central temperature. 


ff 
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`e range of 1900 to 2100° F, but the dendritic 
*ucture could only be eliminated after two 
ld reductions of approximately 20 to 30% fol- 
ved by annealing at 2000 to 2100°F. Thegrain 
ze could then be reduced by subsequent cold 
irking and annealing. 
The ductility of Incoloy 800 was reduced after 
OO hr at temperatures above 1050°F as a re- 
lt of an aging phenomenon associated with the 
ecipitation of titanium- and aluminum-con- 
ning intermetallics. As a result of this in- 
rmation, the titanium and aluminum content 
is specified as 0.1% maximum. Cold-worked 
coloy 800 was insensitive to annealing tem- 
‘ratures below 1000°F. Softening was initiated 
1400°F and was reasonably complete in 10 
15 min at 1800°F. Rapid grain growth oc- 
irred at temperatures above 1850°F. Solution 
nealing occurred at 2050 to 2100°F after 1 to 
hr. It was necessary to water quench through 
e 1100 to 1600°F temperature range in order 
prevent carbide precipitation. 


Typical chemical and physical properties for 
coloy 800 are indicated in Tables III-2 and 
[-3. 

A monograph on the use of Incoloy 800 for 
lel-element cladding has been prepared? which 
icludes: mechanical properties, physical met- 
llurgy, metallography and electron-microscopy 
‘chniques, radiation damage, strain-cycle fa- 
gue, corrosion, and irradiation results of fuel 
lements (clad with Incoloy 800) exposed in the 


‘able III-2 CHEMICAL COMPOSITION! OF INCOLOY 800 


Constituent Weight percent 
Nickel 30 to 35 
Chromium 19 to 23 
Iron Balance 
Carbon 0.10 maximum 
Manganese 1.50 maximum 
Sulfur 0.03 maximum 
Silicon 1.00 maximum 
Copper 0.75 maximum 
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Table HI-3 MECHANICAL PROPERTIES OF 
EXTRUDED INCOLOY TUBES! 





Tensile Yield strength [Elongation 
strength, (0.2% offset), in 2 in., 
Condition 1000 psi 1000 psi 
As extruded 75-105 25-50 50-30 
Annealed 75-100 25-55 50-30 


superheat environment. Performance in super- 
heated-steam environments has been superior 
to that for the austenitic stainless steels, and 
Incoloy 800 has been selected as the reference 
cladding in some nuclear superheat applications. 
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Power Reactor Technology 


Liquid-Metal-Level Probes 


Some significant improvements have been made 
in resistance type probes for determining the 
level of high-temperature liquid metals in a 
vessel. Reference 1 reports on an investigation 
of the various types of probes that can be used 
for determining the level of liquid metals and 


concludes that the resistance type is promising. - 


The J probe that was developed utilized a 
tube with alumina-insulated stainless-steel- 
clad nickel wires. A straight tube probe, similar 
in operation and construction to the J probe, but 
which indicates one discrete level only and is 
called an I probe, also was studied. 


The J probe indicates the level of the liquid 
metal over the range from the top of the un- 
supported leg of the J to the bottom of the J. 
This is accomplished by passing a direct cur- 
rent through one of the insulated internal wires 
in the tube to the tip of the J as shown in Fig. 
IV-1. The negative wire from the power supply 
is connected to the metal vessel. A potential is 
then impressed between the tip of the J and the 
vessel and the resistance between these two 
points is changed as the liquid-metal level 
around the unsupported leg is changed. The 
maximum resistance exists when the level is 
lowest, and the current must pass through the 
Sheath of the J tube. The potential between the 
tip of the J and the tank is measured by a 
second insulated internal wire to the tip of the 
J and a wire to the tank. Unfortunately the re- 
sistances of the stainless-steel sheath and the 
probe wires vary with temperature. In the de- 
Sign shown in Fig. IV-1, compensation is ac- 
complished by maintaining a constant voltage 
across the entire probe and internal current 
lead. Figure IV-2 is a refinement of this design 
wherein the temperature-compensation circuit 
is connected inside the J tube and the resistance 
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of the current lead is increased. The incre:# 
length of the lead is in the same temper::n 
gradient as the probe, and compensation is x 
tained by maintaining a constant voltage = 
tween the tip of the probe and the inem 
splice. | 

The I probe, which indicates whether © 
liquid-metal level is above or below a cenz 
point, is shown in Fig. 1V-3. A potent 
impressed between the end of the probe andit- 
vessel, and an amplifier connected in pars- 
to this circuit actuates a relay to signify: 
the level of the liquid metal is below the pr:.. 
end. When the liquid metal comes in cort 
with the end of the probe, a new circuit =: 
less resistance is established and the decre- 
in voltage causes the amplifier to drop the tt- 
lay. 

In addition to the problem of attaining c `: 
rect temperature compensation, there is. 


problem of obtaining thermoelectric voltag: . 










A 


w 





ut put 
Power Supply 






Remote Sen sing 





Fig. IV-1 Two-wire J probe with externally. 
nected temperature -compensation circutt.! 
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Output 
Power Supply 


Remote Sensing 





Splice for 
Remote 
Sensing Loop 


‘tg. IV-2 J-probe design with internally connected 
271 perature-compensalion circuit and increased- 
eséstance remote sensing loop.! 





Amplifier 


Liquid Metal 


Fig. IV-3 I probe for one-point-level determina- 
tion.! 


materials are not carefully selected. Further, 
complete wetting of the surface of the probe re- 
quires careful attention to the preparation ofthe 
surface before immersion. Reference 1 indi- 
cates that if the probe can be completely wetted, 
an accuracy within 1% can be achieved. 


Pressure-Tube 
Fretting Corrosion 


A continuing surveillance program is being 
conducted on the Plutonium Recycle Test Reac- 
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tor (PRTR) to monitor fretting corrosion of the 
pressure tubes. A summary of results of (1) 
programs designed to detect and determine the 
extent of in-reactor fretting attack and (2) 
associated tests outside the reactor is pre- 
sented in Ref. 2. The PRTR?® is a heavy-water- 
moderated pressurized-heavy-water-cooled re- 
actor that operates at 70 Mw(t). The moderator 
is contained at low pressure and temperature 
in an aluminum calandria tank, with 85 calan- 
dria tubes arranged vertically. Zircaloy-2 pres- 
sure tubes, containing fuel assemblies, are in- 
stalled in the calandria tubes. The coolant 
enters the bottom of the pressure tubes at a 
temperature of 248°C and a pressure of 1090 
psig and discharges at the top at 277°C and 
1080 psig. The maximum flow rate per pres- 
sure tube is 123 gal/min. The Zircaloy-2 
pressure tubes are 3.250 in. in inside diam- 
eter, with a minimum wall thickness of 0.146 
in. The tubes are flanged at the upper end 
to permit attachment of outlet-nozzle jumper 
assemblies and are tapered at the bottom for 
attachment of inlet jumpers. Before installation 
the pressure tubes were autoclaved to provide 
a zirconium dioxide surface film. 

The fuel assemblies are 19-rod clusters, as 
shown in Fig. 1V-4, and both metallic (alumi- 
num-plutonium) and ceramic (UO, and PuO,- 
UO,) Zircaloy-2-clad rods are used. Spacing 
between rods is maintained with top and bottom 
brackets and spirally wound spacer wires 
around the outside of selected fuel rods.The 
aluminum-plutonium and the PuO,-UO, fuel 
assemblies are bound withcircumferential 
bands, whereas a wire wrap is used on the UO, 
fuel assembly. A pressure tube containing a 
fuel assembly is shown in Fig. IV-5. The fuel 
assembly is attached to an upper hanger that 
is supported near the outlet nozzle and is free 
to expand downward. Clearance between the 
fuel assembly and the pressure tube is a nomi- 
nal 0.015 in., but it can be as much as 0.050 
in. Portions of the fuel assembly that could 
come in contact with the pressure tube include 
the following: the three equidistant centering 
feet on both the top and bottom end brackets; 
the wire wrap (bundle or individual rods); cir- 
cumferential bundle bands if the centering feet 
are sufficiently worn; and the individual fuel 
rods if the wire wraps and centering feet are 
sufficiently worn. 
~ A rather comprehensive program‘~ has been 
conducted, on a continuing basis, to determine 
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Fig. IV-4 PRTR 19-rod fuel elements. 
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the magnitude of fretting corrosion and to 
establish methods of minimizing pressure-tube 
wear. The program consisted of out-of-reactor 
tests and in-reactor examination. The initial 
phase of the out-of-reactor program consisted 
of flow tests in a high-temperature high-pres- 
sure facility and autoclave tests. The initial test 
specimen was a Zircaloy~2 tube with a spirally 
wound Zircaloy-2 wire. The wire was fastened 
at one end and was free at the other end. After 
two weeks of exposure in recirculating water 
at 300°C and 25 ft/sec, grooves approximately 
0.001 to 0.005 in. deep were noted on the tube, 
and the wire was worn approximately 0.020 in. 
where the moving wire could contact the stain- 
less-steel housing. This and other similar 
tests showed that the relative movement induced 
by flow could result in localized corrosion 
areas at the point of contact between two sur- 
faces. Sliding- and impact-wear tests were con- 
ducted in autoclaves in deionized water at 
1500 psi. The sliding-wear test, consisting of 
a rotating disk in contact with a stationary rod, 
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showed that disk penetration and rod wei: 
creased with increasing temperature r 
range from 100 to 400°C. The test also si 
that the wear increased with contact press- 
from 5 to 15 psi and also with rotational :+ 
of the disk. The impact-wear test consis» 
a solenoid-activated cylindrical plunger t7- 
with Zircaloy-2 impacting against a Zirca | 
flat plate. Results indicated over twie: 
plunger wear with an increase in the water =: 
perature from 200 to 400°C. 

An out-of-reactor test facility, shown t F. 
IV-6, was utilized to test an individual rea” 
pressure-tube fuel-element assembly atom: 
ing flow and temperature. Fretting marks { 
after facility operation prompted additional ‘+1 
in vertical test sections. Initial tests were `` 
ducted with a Zircaloy-2 collar mounted at- 
bottom of a steel rod suspended in a tube i: 
with Zircaloy-2. The fretting attack was ix 
to be independent of water velocity in the rz 
from 15 to 30 ft/sec but quite sensitix | 
clearance between the three centering fe: | 
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collar and the tube. The attack also in- 
ased with temperature and with a superim- 
ed external vibrating force. Later tests were 
ducted in a vertical test assembly consisting 
he upper 10 ft of a PRTR pressure tube con- 
ing a fuel assembly. Water at 300°C was 
culated upward through the fuel assembly at 
a flow rate of 123 gal/min. After two weeks 
tting marks, approximately 0.005 in. deep, 
re noted at the contact points between the 
ssure tube and the centering feet of the 
l-assembly end brackets. Continued testing 
not always increase the depth of penetra- 
1, indicating that the process may be inter- 
tent. Increasing the contact surface tended 
jecrease the penetration. 


[he out-of-reactor tests generally have shown 
t fretting attack is increased with increased 
nperature, vibration, and clearance. The 
cess seems to be one of removing the pro- 
‘tive oxide film mechanically and thus per- 
tting progressive oxidation of the Zircaloy. 


The in-reactor examination of the condition 
the pressure tubes consisted of visual in- 
ection and measurement of the depth of ob- 
rved marks.‘~ A television-camera—bore- 
Ope arrangement was used to examine the 
aer surface of the pressure. tube and to read 
dial indicator used to measure the depth of 
arks. The number and location of fretting 





Fig. IV-7 Pressure -tube fretting mark.? 


arks are given in Table IV-1, and an example The severity of fretting corrosion has de- 
one of the more severe fretting marks is creased as some of the causes have been dis- 
own in Fig. IV-7. This mark was detected covered and corrected. For example, the width 
ring an examination of all the pressure tubes of the centering feet on the fuel assemblies has 
May and June of 1962. The diagonal fretting been increased on new fuel, and this has de- 
ark is the result of contact with a wire wrap creased the severity of the fretting.® Some of 
‘ound a fuel assembly and is approximately the fretting was attributed to a failed flow- 
025 in. deep. The wire wrap was worn suf- straightening baffle, which has been replaced. 
ciently to allow two of the fuel rods to contact Tests are continuing to define more precisely 
e tube wall, and the vertical fretting mark re- the reasons for fretting attack and to find 
ilted.® methods for minimizing or eliminating this 


Table IV-1 NUMBER AND LOCATION OF PRESSURE-TUBE FRETTING MARKS? 














2% +4) y: * 
Fuel-element 9/60 49:6762% Le ro l ey Toal 
component making mark No. É No. z No. P: 
Centering fect, 
upper end bracket 327 20.0 418 24.2 745 221 
Centering feet, 
lower cnd bracket 484 29.6 524 30.3 1008 30.0 
Wire wraps 674 41.2 788 45.5 1462 43.5 
Unclassified 150 9.2 1 151 
1635 100.0 1731 100.0 3366 100.0 





*Includes marks found on tubes that have been removed trom the reactor. 
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problem. Techniques are under development for 
continuous monitoring of PRTR pressure tubes 
to detect excessive fretting attack — for exam- 
ple, monitoring of the zirconium content of the 
water shows some promise.’ Of the analytical 
methods available (emission spectrographic, 
radiochemical, and spectrophotometric), emis- 
Sion spectrography is considered most reliable 
for measuring zirconium contents as low as 
0.10 ppb. Work is continuing on the correlation 
of the results of this technique with fretting 
attack. Recently a vibration-monitoring pro- 
gram has also been started. Velocity type 
transducers have been installed on the inlet 
jumpers of selected pressure tubes; sufficient 
data have not been obtained as yet to enable a 
correlation between vibration measurements and 
zirconium concentration in the coolant water. 
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V Specific Reactor Types 


Power Reactor Technology 


odium-Graphite 
eactors: Steam Cycles 


recent steam-cycle optimization study! has 
‘en made for sodium-graphite nuclear power 
ants to determine optimum steam conditions 
id sodium-system parameters for plants in the 
10- to 400-Mw(e) size range. The general re- 
its are summarized as follows: 


1. For plant ratings up to approximately 350 
w(e), a 2400-psig steam pressure results in 
e most economical operating condition. 

2. For plant ratings above 350 Mw(e), a 
)00-psig steam pressure results in the most 
‘onomical operating condition. 

3. The highest justifiable initial and reheat 
eam temperatures are 1000°F each for reheat 
rcles at a reactor outlet temperature of 
50°F. 

4. For most economical operation the sodium 
mperature rise across the reactor should be 
the range of 350 to 375°F. 

5. For the 2400-psig steam cycle, the most 
*onomica] log mean temperature differential of 
ie intermediate heat exchanger is 65 to 80°F. 


Table V-1 


7% capital-charge rate 


Steam throttle pressure, psig 

Initial and reheat steam tem- 
peratures, °F 

Type of steam cycle 

Type of steam turbine (last-stage 
blading size) 


3500 
1000 each 


Double reheat 
Cross compound 
double flow 


For the 3500-psig steam cycle, this range is 
85 to 95°F. 


The optimum (most economical) cycles for a 
fuel-cycle cost of $0.20 per 10° Btu and a re- 
actor sodium outlet temperature of 1150°F, in 
the 400-Mw(e) size, are summarized in Table 
V-1. 

In this study heavy emphasis was given the 
steam portion of the plant, inasmuch as the 
costs of the reactor and related sodium sys- 
tems are relatively insensitive to the steam 
pressure used, once the outlet sodium tempera- 
ture for the reactor has been fixed. The major 
components of the power-generating system 
considered are shown schematically in Fig. 
V-1, along with typical sodium and steam tem- 
peratures and pressures. 

The steam-cycle study was divided into three 
phases. During phase I studies were made for 
steam pressures of 1450, 1800, 2400, and 3500 
psig for a 350-Mw/(e) plant. The basis of com- 
parison was the total evaluated cost, made up 
of major-equipment costs and capitalized energy 
costs. 

Bases are given in Ref. 1 for costs of such 
items as heat-exchanger surfaces, feedwater 


CHARACTERISTICS OF OPTIMUM STEAM CYCLES FOR 400-Mw(e) PLANTS! 


14% capital-charge rate 


3500 
950 each 


Double reheat 
Tandem compound 
four flow (30 in.) 


(30 in.) 
Net station heat rate, 7665 7870 
Btu/net kw-hr 
Fuel-cycle cost at $0.20 per 1.53 1.57 
10° Btu, mills/net kw-hr 
Reactor sudium AT, °F 350 350 
Intermediate heat exchanger log 95 95 


mean temperature difference, °F 
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Fig. V-1 Typical schematic of sodium -graphite nuclear power-generating system. 


heater-supply and treatment systems, and the 
steam-condensate systems. Variations in reac- 
tor thermal rating due to changes in cycle ef- 
ficiency were accounted for by use of a reactor 
cost differential of $50,000 per 1% change in 
reactor rating. For the phase I study, all fuel- 
cycle costs were based on $0.20 per 10° Btu. 
Other assumptions used for evaluating fuel- 
cycle costs are also presented.! 

Phase I results are summarized as follows: 


1. The steam-pressure condition with the 
lowest cost at a 14% capital-charge rate is 
2400 psig; the next best pressure is 3500 psig. 

2. At a 7% capital-charge rate, the steam- 
pressure condition with the lowest cost is 3500 
psig, followed by the 2400-psig pressure condi- 
tion. 

3. At a 14% capital-charge rate, the best 
steam-temperature condition is 950°F; at a 7% 
capital-charge rate, either 950 or 1000°F is 
recommended. 


During phase H a system pressure of 2400 
psig was used for a more detailed study of var- 
ious parameters of a 350-Mw(e) plant. 

The following summarizes phase II results: 


1. A 350°F sodium-temperature differential 
across the reactor is optimum. 

2. A 65 to 80°F log mean temperature dif- 
ference for the intermediate heat exchanger is 
optimum. 


3. Although the cross-compound turbine g:-- 
erators with 1800-rpm low-pressure sect- 
are more efficient and provide improved t.:- 
bine-cycle heat rates over the tandem-cc- 
pound machines at 3600 rpm, the significa: 
higher cost of the cross-compound unit m::: 
than offsets the savings in operating cə“ 
for $0.20 per 10° Btu fuel costs. 

4. The optimum feedwater temperature t 
475°F. 

5. As fuel costs increase from $0.20 - 
$0.25 per 10 Btu, the trend is toward t: 
more efficient cycle (steam pressure of 24: 
psig and initial and reheat steam temperaturt | 
of 1000°F). 

6. As the plant-capacity factor decreas: 
from 80 to 60%, the trend is to the less eË- 
cient cycle (steam pressure of 2400 psig + 
initial and reheat steam temperatures of 950 ! 

7. It is difficult to justify the added capi 
cost of high-pressure feedwater heaters ©! 
feedwater temperatures above 475° F witb W.. 
per 10° Btu fuel costs. x 








In phase III the basic effort was to stuð: 
detail the merits of 2400- vs. 3500-ps 
for a 400-Mw(e) plant with 14 and 7& capi 
charge rates. For these studies the react’: | 
sodium outlet temperature was held at 11505 | 
Areas investigated were generally similar: 
those in phase II. 
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tesults for the phase III study are summa- 
ed as follows: 


.. The 3500-psig double-reheat plant with 
O° F steam temperatures and a 7% capital- 
irge rate provides savings of $1,485,0000ver 
2400-psig case. 

>. The 3500-psig plant with 950°F steam 
aperatures and a 14% capital-charge rate 
years to provide savings of $292,000 and 
44,000 for single and double reheat, respec- 
ely, over the single-reheat case with 2400- 
ig steam. However, additional analyses would 
required to verify this trend. 

3. A 1050°F steam temperature is not justi- 
d for any steam-pressure condition studied. 
4. The tandem-compound four-flow turbine 
th a 30-in. last-stage blade is the best selec- 
m at 14% capital-charge rates: the cross- 
mpound double-flow unit with a 43-in. last- 
age blade is the best with the 7% capital- 
arge rate. 


Naturally any generalized study of this kind 
in be only as valid as the assumptions on which 
is based, and the author of Ref. 1 has pointed 
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out the need for basing the steam conditions in 
an actual plant design upon the specific site and 
ground rules as related to a specific utility 
company. It is also well to recognize that opti- 
mum conditions are strongly affected by the 
particular designs of some of the components in 
the sodium system. 

The economic results of the study would not 
apply to other sodium-cooled reactors because 
the effects of changes in reactor capital costs 
and fuel costs were not investigated over a wide 
range. For example, the much lower fuel cost 
of a sodium-cooled fast reactor plant would tend 
to justify lower steam-cycle temperature con- 
ditions and therefore lower optimum cycle effi- 
ciencies than those found for the sodium- 
graphite case. 


Reference 


1. G. A. Schneider, Steam Cycle Optimization Study 
for Large Sodium Graphite Nuclear Power Gener- 
ating Stations, USAEC Report NAA-SR-9488, 
Atomics International, Aug. 31, 1964. 


Section 


I Unconventional 


Power Reactor Technology 


Fast Supercritical 
Water Reactor 


As a part of the continuing study effort for the 
U. S. Atomic Energy Commission’s Division of 
Reactor Development, Hanford Atomic Products 
Operation issued a report by Aase et al.! 
describing the design and economic evaluation 
of a 300-Mw(e) fast supercritical-pressure 
water reactor. The fast supercritical-pressure 
power-reactor (FSPPR) design employed a fast 
breeder-reactor concept, a plutonium-uranium 
fuel cycle, and supercritical water as the 
coolant. Hanford has been involved in the design 
of supercritical-pressure power reactors for 
some time, and an earlier design,’ the super- 
critical-pressure power reactor (SPPR), was 
reviewed in Power Reactor Technology, 6(3): 
73-78 June (1963). The SPPR is quite different 
in design than the FSPPR in that it is a thermal 
reactor employing UO, as the fuel material. 
The earlier work was utilized in the prepara- 
tion of Ref. 1, however, to establish the design 
of the auxiliary systems for the FSPPR. 


The FSPPR was designed for a power of 
677 Mw(t) with a net efficiency of 44.3%. The 
reactor core is fueled with plutonium and ura- 
nium oxides with a moderator-segmented-core 
design and axial and radial blankets. The 
moderator-segmented-core design was expected 
to overcome some of the safety considerations 
that must be dealt with in a fast reactor design 
and will be discussed shortly. A direct-cycle 
system provides supercritical-pressure water 
coolant with turbine-inlet conditions of 3500 
psig and 1050°F. Figure VI-1 shows a simpli- 
fied feedwater-and-steam-system schematic for 
the FSPPR. It can be seen that two stages of 
reheat are employed using regenerative heat 
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Approaches 


reactor incorporates three coolant passes: 
temperature control at the inlet to the s: 
and third passes. This coolant-temperat 
control system was intended primarily to ` 
pensate for the changes in power distrit:- 
expected during the life of the core. Show 
Fig. VI-2 are one reactor core, a portion ci.: | 
piping, and the containment vault. The .. 
tainment vault is designed to contain two r-. | 
tors in a tandem arrangement. This tan: 
arrangement allows refueling of one core a | 
the other core is in operation, although siz- 
taneous operation of the two cores was - | 


exchangers and a cross-compound turbine. 


intended. It was felt that this type of des: 
Should reduce reactor downtime quite sig 
cantly and thereby increase the product | 
period of the plant. A single FSPPR core x- 
designed for approximately 4.9 full-power vez: 
equivalent to approximately 6.1 calendar yez: , 
The volume between the two main reactor v2-: 
in Fig. VI-2 is a basin to be used in fue 
Operations. One of the FSPPR cores cas: 
Seen in the upper portion of the figure; lei.’ 
the reactor core is the fuel-transfer pot tc: 
used in refueling. A series of headers is phi- 
at the top of the reactor-core assembi ' 
deliver and remove the supercritical coo: | 
from the various passes of the reactor w- 
Numerous jumper assemblies are utilize’. 
few of which are shown in Fig. VI-2, toc: 
nect the toroidal headers to the core :: 
assemblies. 

The internal composition of the core ci." 
seen in Figs. VI-3 and VI-4. The cross sect. 
of the core in Fig. VI-3 shows the two: 
regions that are refueled with uranium ox 
and plutonium oxide and separated by an: 
sorber region that contains moderator tuj- | 
The control rods for the core are locate : 
the moderator tanks, and a radial blanka- | 
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Fig. VI-1 Simplified feedwater and steam system of the FSPPR. 
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placed around the core assembly. Three coolant 
passes are provided for the central section of 
the core, and coolant also is delivered to the 
radial blanket. The upper and lower axial 
blankets can be seen in Fig. VI-4. These fuel 
assemblies are provided either in equilateral 
triangular shapes or in trapezoidal shapes. 
Coolant flows to the fuel elements at the outer 
rows of tubes of the elements, flows down the 
elements to a mixing chamber at the bottom, 
and returns up the central portion of the ele- 
ment. The top and bottom of the elements are 
closed with porous plugs to allow the escape 
of fission gases.* The fastening plate on the 
inlet and outlet fuel-element pipes is con- 
nected to the top support plate of the reactor, 
with the fuel elements being suspended from 
the reactor top support plate. The character- 
istics of the FSPPR are given in Table VI-1. 


The nuclear design of the FSPPR utilized 
the previously mentioned moderator-seg- 
mented-core concept to overcome some of the 
difficulties associated with the use of a moder- 
ating material, water, as the coolant. The 
amount of water in the reactor core was kept 
as low as possible to maintain a sufficiently 
hard neutron spectrum to permit economic 
operation. The use of a moderator-segmented 
core reduced the interaction between the coolant 
and the neutrons by enhancing the internal 
leakage effect of the core. The coolant flow 
was arranged such that the lower density flow 
occurred at the center of the core. The core 
composition that was used for the moderator- 
segmented design is shown in Fig. VI-3 and 
consisted of a layer of absorbing material 
placed on either side of the moderator tanks 
to form an annular volume between “fast” 
core regions. This core segmentation allowed 
productive core leakage upon coolant voiding, 
with the net effect of coolant voiding being a 


*It is expected that, in order for fast breeder reac- 
tors to compete with existing reactors, high fuel 
burnups of the order of 80,000 to 100,000 Mwd/ton 
may be required. The resulting fission-gas release, 
coupled with the potentially weakened cladding con- 
dition after long irradiation, magnifies the internal- 
pressure problem in fuel-element design. Fission- 
gas volumes provided to accommodate this release 
become large and unwieldy for the compact cores 
envisaged. Faced with these problems some designers 
are talking of concepts in which ‘‘controlled venting’’ 
of fuel-element fission gases would be employed. 
Gases would be collected and separated from the 
cover gas and processed. 
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Fig. VI-4 Fuel-element assembly of the FSFE: 


reduction of reactivity. A negative floo-- 
coefficient was also provided in the desiz- 

the appropriate selection of fuel-to-water :.- 
ume ratios. The total calculated react: 
behavior of the core as a function of coc- 
inventory is presented in Fig. VI-5. It caz- 
Seen that near the operating point the co- 
reactivity void coefficient is nearly zero = 
that in the fully flooded condition the cor: - 
approximately 9% Ak/e subcritical. Cale: 
tions indicated that a considerable amour 

hydrogen could be lost from the moder: 

region and the coolant coefficients would :-- 
main negative. 


The detailed nuclear core descript:: > 
shown in Table VI-2. At the center of the 
a mean fission energy of 82 kev was cu. 
lated. The radial distribution of the mean :::- 
sion energy in the core is shown in Fig. Vo 
and the calculated initial and end-of-life r:: 
power distributions are shown in Fig, V- 
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Table VI-1 CHARACTERISTICS OF THE CONCEPTUAL FAST SUPERCRITICAL- PRESSURE 
POWER-REACTOR (FSPPR) PLANT 


General characteristics 


Thermal power, Mw 677 
Net electric power, Mw 300 
Net efficiency, % 44.3 
Gross efficiency, % 47.1 
Auxiliary power, Mw 2.83 
Equivalent main feed-pump 
power, Mw 9.93 
First Second Third Radial 
General pass pass pass blanket 
Reactor dimensions 
Outside dimension of each 
region, in. 34.8 22.8 13.3 43.5 
Core height, in. 60 
Core + axial-blanket 
height, in. 75% 
Core volume, liters 3095 
Flux-trap thickness, in. ~8.75 
Reactor fuel inventory 
Depleted uranium, kg 30,895 15,407 
Total plutonium, kg 1559 
Fissile plutonium, kg 1059 
Reactor power density, 
kw/liter of core + blanket 218.7 
Reactor specific power, kw/kg 
of uranium + plutonium 50 
Fuel-element assembly 
Fuel material PuO, + depleted UO, 
Initial enrichment, 
& plutonium 14.5 12.5 12.5 
Fuel density, g/cm? 9.3 
Flux-trap material PuO, + depleted UO, 
Enrichment, % plutonium 3.8 
Fuel-element type Equilateral triangle or trapezoid 
No. of fuel elements 72 18 18 6 30 
No. of cooling tubes 
per fuel element 1216 686 730 43 
Fuel-element active 
length, ft 5 
Fuel-element overall 
length, ft 15.25 
Cooling-tube material René 41 
Cooling-tube inside 
diameter, in. 0.146 0.160 0.204 0.286 
Cooling-tube wall 
thickness, in. 0.013 0.022 0.027 0.030 
Cooling-tube spacing, in. 
(on triangular pitch) 0.291 0.269 0.358 1.20 
Weight of fuel per fuel element, 
]b of oxide 1544 523 906 1132 
Fuel-cladding material René 41 
Cladding thickness, in. 0.090 0.083 0.080 0.090 
Heat removal 
Maximum heat flux, 
Btu/(hr)(sq ft) (x 107%) 8.93 8.73 7.00 6.43 
Average heat flux, 
Btu/(hr)(sq ft) (x 1075) 2.91 2.98 2.27 4.14 
Average core power 
density, kw/liter 230 
Maximum fuel 
temperature, °F 2260 2260 1740 1930 
Maximum pressure-tube 
temperature, °F 1385 1300 1385 1320 
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Table VI-1 (Continued) 





First Second Third Radial 
General pass pass pass blanket 
Coolant conditions 
Pass inlet temperature, °F 514 804 820 
Pass outlet temperature, °F 804 1050 1050 
Pass inlet pressure, psig 4360 4330 4100 
Turbine throttle pressure, 
psig 3515 
Coolant flow rate, 
lb/hr x 10 1.88 
Coolant pH 8.7 to 9.0 
Nuclear characteristics 
Core life 
Full-power years 4.85 
Calendar years 6.06 
Average fuel irradiation level 
at discharge, Mwd/metric ton 83,700 69,160 96,840 122,500 
Initial fuel isotopic composition 
39Py, % of total plutonium 55 
20pu, % of total plutonium 32 
%1 Pu, % of total plutonium 13 
Neutron lifetime, sec 8.7 x 1077 
Effective neutron fraction 0.0041 
Final fuel isotopic composition 
39Pu, % of total plutonium 63.0 64.0 54.6 
20 Pu, % of total plutonium 28.0 25.0 32.1 
i Pu, % of total plutonium 9.0 11.0 13.3 
Initial flux-trap enrichment, 
% plutonium 3.8 
Final flux-trap enrichment, 
% plutonium 5.2 
Fuel-temperature effect, mk —20 
Other temperature effects, mk 2 
Total safety-rod strength, mk 50 
Tota] control-rod strength, mk 25 
Breeding ratio, core + 
blankets 1.14 


Moderator characteristics 


Moderator material 


YH, or ZrH, + H,O 


YH, or ZrH,, vol.% 70 

Reactor heat in moderator, Mw 1.3 
Control 

No. of contro! rods 6 

Control-rod material Stainless steel- 1.25% natural boron 

Control-rod diameter, in. he 

No. of safety rods 6 

Safety-rod material Stainless steel- 1.10% B! 

Safety-rod diameter, in. x 

Coolant H,O (same as used for moderator) 
Power-cycle components 

Turbine type Cross compound 

No. of reheats 2 


High-pressure- stage 


conditions, °F /psi 1050/3515 
First-reheat conditions, 

°F /psi 1000/912 
Second-reheat conditions, 

°F /psi 1000/299 
Exhaust pressure, in. Hg 3.5 
Condenser size, sq ft 110,000 


No. of feedwater stages, 
including deaerator 7 
No. of feedwater pumps 2 
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although differences in reactivity values indi- 
cate that perhaps diffusion theory gave more 
conservative results.” 

In calculating the pressure drops of the fuel- 
element cooling channels, it was determined 
that a large variation between the minimum 
and maximum pressure drops within an element 
existed; however, when the maximum pressure 
drop was used, the calculated core total pres- 
sure drop was 658 psi, and the total pressure 
drop across the reactor, including turbine 
reheat exchanges and associated piping, was 
about 800 psi. The heat-transfer correlations 
of Chalfant* were used at pressures above 


Table VI-2 NUCLEAR CORE-DESIGN DATA! 


Radius, Enrichment, 
Region cm Description % plutonium 
1 30.8 Third reactor core 12.5 
2 44.2 Second reactor core 12.5 
3 51.2 Absorber region, low 3.8 
plutonium enrichment 
4 54.2 Zirconium hydride 
moderator, water 
cooled 
5 61.2 Absorber region, low 3.8 
plutonium enrichment 
6 80.4 First reactor core 14.5 
7 100.4 Depleted uranium 0.0 


1e dimensions and worths of the control and 
fety rods are presented in Table VI-1. Some 
idial enrichment zoning was done in the 
sorber region to reduce power peaking in 
is region over core lifetime. A fuel-tempera- 
re coefficient of reactivity was computed for 
e Doppler broadening of the 238) resonances 
ily as —2 x 10 3 Ak/(k)(°C). It was recognized 
at a further positive contribution to the fuel- 
‘mperature coefficient would be available from 
*Pu and that a negative contribution would be 
railable from “°Pu; however, these were not 
alculated. Fuel- and cladding-expansion ef- 
cts were estimated to be approximately 
O t Ak/(k(°C). The majority of the static 
eactor-physics calculations were done utiliz- 
1g diffusion-theory codes, and some checking 
f the validity of diffusion theory for a core of 
his type with a moderator region located 
nternally was done using a multigroup trans- 
ort code. The results! obtained from the two 
nethods of calculations “... generally con- 
irmed the data yielded by diffusion theory, 


Coolant i 
Coolant density, Composition, vol.% 

pass g/cm? Fuel Coolant Tube Wall Void 
3 0.108 46.4 30.9 18.4 1.7 2.6 
2 0.121 46.0 30.7 18.4 1.9 3.0 
2 0.121 46.0 30.7 18.4 1.9 3.0 

Low-pressure 70, ZrH, 30 
water 

1 0.445 63.9 21.3 12.8 0.9 1.1 
1 0.445 63.9 21.3 12.8 0.9 1.1 
1 0.445 85.9 5.7 2.2 2.9 3.3 


4000 psia. Similarly the correlation of 
McAdams* was used at pressures from 3500 
to 4000 psia. The maximum heat flux in all 
cases was limited by the pressure-tube wall 
temperature. 


The proposed refueling scheme involves fuel- 
ing one of the tandem reactors before the other 
reactor is shut down. The newly loaded reactor 
then begins operation while the exposed fuel 
is allowed to decay for a period of two to three 
months in the reactor core. The fluid jumpers 
for the individual fuel elements are remotely 
cut, and the fuel elements are transferred to 
the fuel storage basin, Plugs are then placed 
in severed coolant jumpers until the time of 
refueling, at which time the jumpers are tem- 
porarily frozen with liquid nitrogen and the 
coolant jumpers of the new fuel elements are 
welded in place. Removal of the frozen coolant 


*The reader may wish to refer to Refs. 7 and & of 
Ref. 1 for these correlations. 
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then restores the function of the coolant pas- 
sages. 
Startup of the reactor involves first purging 


arrive at the computed unit cost of p°%:: 
generation of approximately 5.12 mills,kw-~. 
The following required technological devei::- 


the water in the coolant channels with low- 
density steam to reduce the large shutdown 
margin. The approach to criticality is made by 
control-rod withdrawal, and on reaching criti- 
cality the design power is approached by simul- 
taneously programmed manipulations of rod 
position, pressurization, and flow. During nor- 
mal operation the load changes are accomplished 
by positioning of the turbine admission valve, 
and the reactor power level is automatically 
adjusted, using a banked-control-rod configura- 
tion, to hold the coolant outlet temperature 
constant. Additional control and safety systems 
are provided to ensure safe operation at power. 

The power-generation costs that were com- 
puted for the FSPPR are shown in Table VI-3. 
The cost data given in the “Guide to Nuclear 
Power Cost Evaluation” handbook were used to 


ments are enumerated:! 


(1) Analytical and experimental verification 
practical and economical moderator segn:: 
core design. 

(2) Demonstration of the Doppler effect as i:: 
liable prompt negative coefficient in fast cera.. 
fueled reactors. 

(3) Demonstration of a high endurance (gre. 
than 80,000 Mwt days per tonne) internally c: 
ceramic-fueled element. 

(4) Development of high strength alloys ami 
rication techniques for complex pressure tuk -- 
semblies that are reliable under high expos. 
and fast neutron irradiation. 

(5) Development of water treatment cleanin: 
decontamination techniques that avoid foulins 
carry-over problems in a once through c.. 
system. 

(6) Demonstration of reliable and economics ` 
mote fuel and pressure piping replacement r: 
ods. 
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Table VI-3 POWER-GENERATION COSTS FOR FSPPR! 














Capital Rate, Annual Unit cost,* 
cost, $ % cost, $ mills/kw-hr 
Fixed charges 
Depreciating capital 
Total capital cost (less land) 51,373,000 14.46 7,429,000 3.534 
Nondepreciating capital 
Land and land rights 360,000 13.0 47,000 0.022 
Working capital 
Plant operation and 
maintenance 130,000 13.0 17,000 0.009 
Fuel-cycle operations 4,015,000 13.0 522,000 0.248 
Nuclear liability insurance 280,000 0.133 
Subtotal: fixed charges 8,295 ,000 3.946 
Operating costs 
Operating and maintenance cost 889,000 0.423 
Fuel cost 1,572,000 0.748 
Subtotal: operating costs 2,461,000 1.171 
Total power-generation costs 10,756,000 5.117 


*Plant factor is 80%. 


danford Graphite 
»uperheat Reactor 


The N-Reactor Project Section of the Hanford 
tomic Products Operation has recently re- 
orted results of a design and evaluation study 
or a Hanford graphite superheat reactor (HGSR). 
`hese studies involved consideration of two 
asic reactor sizes, a 300-Mw(e) plant and a 
000-Mw(e) plant, both utilizing pressurized 
rocess tubes, vibratory-compacted uranium 
oxide fuel, graphite-moderator blocks, and a 
mce-through boiling-superheating coolant pas- 
iage.* Since the 1000-Mw(e) plant design is 
uite similar to the smaller plant design, a 
letailed description of the smaller plant will be 
‘resented first, followed by some indications 
f the differences that were encountered in the 
lesign of the larger plant. 

The process tubes, fuel elements, and coolant 
‘outing are shown in Fig. VI-8, and further 
lescriptive material is presented in Table VI-4. 
Xs shown in Fig. VI-8, the process tube would 


*These designs bear some Similarities to the 
Zraphite-moderated superheating reactor located at 
ihe USSR Beloyarsk Power Station. This reactor was 
described in Power Reactor Technology, 8(1): 28- 
34 (Winter 1964-1965), and the reader may wish to 
refer to that review for a comparison. Some of the 
major differences in the two designs involve the gen- 
eral mechanical arrangement of the fuel, the fuel 
enrichment, and the coolant-flow-passage arrange- 
ment. 


be supported by the top primary shield, and 
the seal assembly on the fuel element would 
transmit the load of the fuel to the nozzle. This 
seal assembly would separate the 400°F water 
that enters the fuel element and flows down its 
outer peripheral flow channel from the steam 
that passes up the central flow channel of the 
element and exhausts from the nozzle assembly. 
The tube that separates the water and steam is 
formed in a 360° helix around the fuel-element 
Supporting rod, thereby eliminating the need to 
penetrate the steam-tube wall. Subcooled water 
passes down the outer flow channel, and then 
the boiling water returns up the two inner 
annuli where it is further vaporized and super- 
heated. A 10-mil Incoloy cladding is proposed 
for the fuel that would be uranium dioxide 
vibratorily compacted to approximately 92% of 
the theoretical density. The process tubes would 
be manufactured from Zircaloy (in the active 
core region) and stainless steel (above the 
core). 

The general arrangement of process tubes, 
control rods, graphite stack, and coolant-flow 
zones is shown in Fig. VI-9. Further informa- 
tion is contained in Table VI-4, As shown in 
Fig. VI-9, the graphite stack is composed of 
horizontal layers of blocks of graphite with 
successive layers oriented at right angles to 
each other. The process tubes and the con- 
tinuous-chain control rods then pass through 
the openings provided for them in the graphite 
stack. The dimensions of the graphite blocks 
are such that ventilating ‘voids ‘are provided 
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throughout the graphite stack, which would serve supply headers, flow control could be = 
as steam vent volumes in the event of a tained to one-half of a zone. Fuel charg: 
process-tube rupture. Steam would escape discharging would be managed along the :— 
through the core by the lifting of the layer of zone plan. 

the stack in which the rupture occurred. Steam The locations of the control-rod block: . 
would then travel to a plenum located in the also shown in Fig. VI-9. The control-rod:-:. 
reflector which could carry the steam outside incorporates a flexible endless char, . 
the reactor block. The top, bottom, and side poison sections attached to it, and a t-- 
reflectors are also composed of graphite, and drive that would be supplied power by: . 
they maintain the same basic layer formation draulic motor. This particular flexibil: - 


with the exception that the steam-vent spaces design provides for a minimum of <::_ 
are filled with graphite to increase the reflect- height when the poison is out of the reactor - 
ing ability. Thermal and biological shields are also allows assistance from gravity in w: 
arranged around the graphite stack. Flow to the the control material in the reactor. Dimens::— 
process tubes would be controlled in 5 flow- details and other information on the cœ: 
control zones (shown in Fig, VI-9). Each of the rods are in Table VI-4. Cooling water wou: 
5 zones is divided into two halves that are sup- supplied to the tubes containing the coz: 
plied by headers located on opposite sides of rods, and poison could be injected into th: 
the reactor. Each flow-control zone would coolant passages for backup reactivity cor!:. 
theoretically contain tubes of equal power; thus a flow diagram of the poison system is s: 


by supplying a control valve on each of 10 in Fig. VI-10. 
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Fig. VI-S  Reentrant type process-tube coolant connections in the HGSR.3 
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Table IV-4 DATA SUMMARY FOR 300- AND 1000-Mw(e) HGSR PLANTS’ 


Gross thermal, Mwi(t) 
Gross electrical, Mw(e) 
Net electrical, Mw(e) 
Exit steam condition 
Inlet steam condition 
Steam flow, lb/hr 


300-Mw(e) plant 


840 

321 

311 

1100 psig, 1000°F 
1525 psig, 400°F 
2.48 x 108 


Reactor Description 


Reactor core 
Active width, ft 
Active length, ft 
Lattice spacing, in. 
Total UO, loading, kg 
Fuel initial enrichment 
Reflector material 
Reflector thickness 
Fuel element 
Fuel material (~92% of 
theoretical density) 
Fuel-element dimensions 
(UO), in. 
Outer cylinder 


Inner cylinder 


Rod diameter 
Cladding material (base case) 
Cladding thickness, in. 
Process-tube material 
Process-tube dimensions, in. 


Reactor-control material 
No. of control elements 
Control-rod OD, in. 
Control-rod effective 
length, ft 
Reactor mass velocities (average), 
Ib/(hr)(sq ft) 
Boiler pass 
Superheat pass 
Reactor bulk-coolant inlet 
temperature, °F 
Reactor maximum coolant outlet 
temperature, °F 
Steam coolant flow, lb/hr 
Maximum fuel temperature, °F 
Maximum cladding temperature, °F 
Maximum heat flux, Btu/(hr)(sq ft)(°F) 
Boiler pass 
Transition pass 
Average heat flux, Btu/(hr)(sq ft)(°F) 
Boiler pass 
Transition pass 
Peak-to-average power ratio 
Axial 
Radial 
Relative radial flux distribution 
in fuel element 
Outer cylinder 
Inner cylinder 
Rod 
Average core velocity, ft/sec 
Inlet 
Outlet 


~18 
~18 

9,25 

50,600 
2.391 wt.% 
Graphite 

2 ft 1144 in. 


UO, 


OD, 2.279 
ID, 1.690 
OD, 1.457 
ID, 0.80 
0.50 
Incoloy 
0.010 
Zircaloy-2 
ID, 2.475 
Wall, 0.234 
Boron steel 
64 

1.5 


18.2 

1.22 x 108 
1.06 x 108 
400 

1115 
2.48 x 108 
4100 
1200 


4.70 x 105 
4.84 x 105 


2.09 x 108 
2.15 x 108 


1.5 
1.5 





1000-Mw(e) plant 





2700 
1030 
1000 
Same 
Same 
8.10 x 108 


~28 

~26 

10.5 
156,000 
2.37 wt.% 
Same 

2 ft 1014 in. 


Same 


OD, 2.644 
ID, 2.055 
OD, 1.603 
ID, 0.950 
0.490 
Incoloy 
Same 
Same 

ID, 2.907 
Wall, 0.275 
Same 

140 

Same 


26 


1.38 x 108 
9.46 x 105 


Same 


Same 
8.10 x 108 
4700 
1260 


4.88 x 105 
5.21 x 108 


2.17 x 105 
2.32 x 105 


Same 
Same 


Same 
Same 
Same 
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Fig. VI-9 General arrangement of fuel, control rods, graphite stack, 
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and coolant-flow zones in the HGSR.3 


The IBM-7090 program FLEX-I was used to 
obtain most of the physics analysis. The com- 
puted operational reactivity variations and re- 
activity coefficients are shown in Table VI-5. 
Control requirements are minimized because 
of an assumed staggered discharge scheme 
wherein about 10% of the fuel would be dis- 
charged at a time; a fuel exposure of 22,000 
Mwd/ton would be obtained. As reported in 
Ref, 3: “,.. If the reactor is loaded with 2.39% 
enriched material, its reactivity will exceed 
the capacity of the control system. Therefore, 
some poison must be charged in the new 
reactor...” It is proposed? that natural ura- 
nium dioxide elements be used as control ma- 
terial to be periodically replaced with the 
reference enrichment until the equilibrium fuel- 
management phase is achieved. Computed peak- 
to-average power ratios are included in Table 
VI-4, 

The flow diagram for the steam- and feed- 
water-supply system, as well as for some of the 


auxiliary systems, is shown in Fig. VI-I¢. - 
helium-gas system is supplied for the BC: 
to provide a chemically stable environment: 
the process tubes and the graphite moder: 
and to provide a means of detecting sz- 
steam or water leaks within the pile. ` 
helium would also serve as a carrier of cor ` 
sion inhibitors to protect the process tubesf: 
gas hydriding. Analytical instruments are pfr- 
vided in the gas loop to control the car’ 
monoxide and the water-vapor level. Duri! 
initial 20 sec following scram or shud: 
cooling would be provided by the coastdow ` 
the feedwater pump; thereafter a shutjov- 
cooling system takes over. The fuel-elem::" 
rupture monitoring system consists of agaz- | 
spectrometer, which analyzes gas from - 
primary coolant, and a delayed-neutron :: 
tector. Location of the particular process tt: 
containing ruptured fuel would be by measi 
traps located in each outlet nozzle, Su" 
heated steam flows to the 1800-rpm tax: 
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Fig. VI-10 Flow diagram of the 300-Mu(e) HGSR.? 


mpound turbine with inlet conditions of 1000°F 
d 1100 psig. 

As previously mentioned, the 1000-Mw(e) 
sign is quite similar to, and in many in- 
ances identical to, the smaller design. Only 
ose differences which are considered sig- 
ficant will be mentioned here. The flow 
agram shown in Fig, VI-10 is the same as 
e schematic for the 1000-Mw(e) plant with 
propriate changes made in the various ratings. 
able VI-4 describes some of the parameters 
at were changed in the 1000-Mw(e) plant. 
he length of the uranium-bearing section of 
e fuel elements was increased to slightly 
ver 26 ft, the active width of the core was 
icreased to approximately 28 ft, additional 
dntrol rods were added, and the coolant flow 
aS divided into three flow-control zones, 
Omputed operational reactivity variations and 
eactivity coefficients for the 1000-Mw(e) HGSR 
re shown in Table VI-5. The larger design 
equired doubling the capacity of the liquid- 
Oison system, and this was accomplished by 
stalling two systems identical to the ones 
Sed in the smaller plant. The circulation rate 
Í the helium-gas system was doubled for the 


larger design; this maintained the same gas 
velocity through the reactor and the same fre- 
quency of gas exchange within the reactor. 
Steam for the larger unit would be supplied to 
two turbine-generators at the same inlet- 
throttle conditions, Nuclear control instrumen- 
tation would utilize the same low-level and 
intermediate-level systems; however, eight 
power-level channels would be utilized. 

The HGSR was designed to operate at ap- 
proximately a constant load; therefore the 
reactor operation would be at an approximately 
constant pressure and temperature. Manual 
control-rod movement would be used for level- 
load operations. The procedure that was en- 
visioned for the cold startup involved main- 
taining the reactor flow rate at its normal 
Operating value during the startup. The startup 
was estimated to require approximately 4 hr; 
the hot startup was estimated to require ap- 
proximately 1 hr. Normal shutdown would be 
accomplished by gradual power reduction and 
corresponding flow reduction with steam going 
through the bypass to the turbine condenser. 
When the power level was approximately 10%_of 
full power, the cooldown) would,,be transferred 
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to the shutdown loop, and a scram would 
complete the shutdown. Reference 3 reports 
that considerable effort will be required in 
research and development to bring this reactor 
concept to a manufacturable stage. The re- 
search and development efforts that would be 
requíred are: investigation of burnout and flow- 
stability phenomena, some verification and op- 


Table VI-5 COMPUTED OPERATIONAL REACTIVITY 
VARIATIONS AND REACTIVITY COEFFICIENT? 


300-Mwi(e) 1000-Mw(e) 





plant plant 
Reactivity transient, mk 
Inlet temperature (68 to 
400°F) —9.5 —9.4 
Power escalation (zero to 
full power) —22.5 —39.6 
Graphite temperature (68 to 
1085°F) 29.5 32.5 
Xenon —26.9 —30.4 
Samarium —6.3 —6.3 
Neptunium (plutonium holdup) -3.4 —3.4 
Exposure (22,000 Mwd/ton) —320.0 —280.0 
Calculated rod worths (total), 
mk 109 120 
Inlet-temperature coefficient, * 
Ak/(k) (°F) —2.85 x 10 —2,82 x 107% 
Power coefficient,*f 
Ak/(k)(Mw) —2.74 x 107 —1.43 x 10% 
Graphite coefficient, * 
Ak/(k) (°F) 2.90x 107 3.20 x 107% 


*These values are at ‘‘average’’ conditions, i.e., in a re- 
actor containing fuel of all exposures from 0 to 22,000 
Mwd/ton. 

tThis includes effects of water density and fuel tem- 
perature. 


timization of the venting capabilities ù: >i 
vertically oriented stack, limited devel:;~- 
of the HGSR process tubes, fuel-eleme:: - 
velopment, investigation of corrosion an :.:> 
over characteristics of the coolant with -. 
terials in contact with it, and developme=: - 
testing of the flexible-control-rod concept. 

A summary of some of the power-gene:- : 
costs for the two plant sizes is prese::::. 
Table VI-6. “... For the 300 Mwe siz. `: 
unit capital costs are estimated to be $14’. 
and the energy costs 5.13 to 5.60 mils:., 
depending on fuel exposure and cladd. - 
the 1000 Mwe size, the unit costs are:: 
mated to be $112/kw and the energy ::: 
4.04 to 4.43 mills/kwh. These costs were: 
puted by AEC Cost Guide method.” 
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Table VI-6 POWER-GENERATION COSTS FOR 311-Mw(e)* AND 1000-Mw(e) HGSR PLANTS 











311-Mw(e)* plant 1000-Mw(e) plant 
Capital Annual Capital Annual 
Rate, cost, cost, Unit cost, cost, cost, Unit cost. 
% $1,000 $1,000 mills/kw-hr $1,000 $1,000 mills/kw-br 
Fixed charges 
Depreciating capital 
Total capital cost (less 
land and land rights) 14.5 45,810 6,640 3.04 112,100 16,260 2.32 
Nondepreciating capital 
Land and land-rights 
working capital 13.0 360 47 0.02 360 47 0.01 
Plant operating and 
maintenance 13.0 159 21 0.01 540 70 0.01 
Fuel-cycle operation 13.0 2,100 273 0.13 4,490 584 0.08 
Nuclear liability insurance 289 0.13 340 0.05 
Annual fixed charges, subtotal 7,270 3.33 17,301 2.47 
Operating costs 
Operating and maintenance 890 0.41 2,280 0.32 
Fuel cost 3,020 1.39 8,760 1.25 
Operating costs, subtotal 3.910 1.80 11.040 1.57 
Total power-generation costs 11,180 5.13 28,341 4.04 





*The exact value of 311 Mw(e) was used in computing these costs instead of the rounded-off ‘'300 Mw(e)” tht! 


appears throughout this article. 
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of our reviewers, he is encouraged to write to the Editor. 

For reasonably timely coverage, articles often must be based on fragmentary information. 
Thus continuity will be maintained from one issue to another by use of the following subject 
headings whenever appropriate: 


Economics, Evaluations, Programs Materials 

Specific Applications Fuel Elements 

Unconventional Approaches Design and Construction Practice 
Fuel Resources and Cycles Specific Reactor Types 

Physics Components 

Control and Dynamics Operating Experience 

Fluid and Thermal Technology Systems Technology 


Containment, Radiation Control, Siting 


Because reactors are being developed and considered for power applications other than the 
generation of central-station electricity and because of the similarity and transferability of 
the technology—the content of future issues will be broadened to include progress in reactor 
systems for process heat, desalting, undersea, space and other advanced applications. 

This is the first issue prepared by Argonne National Laboratory. The new editors wish to 
express their appreciation to the previous editors, W. H. Zinn and J. R. Dietrich of Combustion 
Engineering, Inc., for earning Power Reactor Technology its respected stature in the field. Onl) 
from the experience of preparing an issue can their accomplishment be truly comprehended. 

The Reactor Engineering Division (L. J. Koch, Director) has the principal responsibility for 
the preparation of Power Reactor Technology, with the regular assistance ofthe Reactor Physics 
Division (R. A. Avery, Director) and the occasional assistance of other Laboratory divisions 
(Metallurgy, Chemical Engineering, Chemistry, Reactor Operations, and Idaho). Thus, unless 
noted otherwise, the reviewers and authors of articles are Laboratory staff members, The 
editors will welcome interpretive review articles contributed by readers outside the Laboratory. 
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EDWARD J. CROKE and RAYMOND GOLD, Associate Editors 
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quid-Metal MHD 
Spping Cycles 
Michael Petrick 


ir all practical purposes, development of the 
2am cycle has reached a plateau. Further 
ins in efficiency by increasing steam pres- 
re and temperature do not appear very 
‘ofitable. Thermodynamically, steam is a poor 
»yrking fluid because it absorbs too little heat 
the maximum cycle temperature. However, 
» other single fluid is superior when all fac- 
rs are considered. A logical improvement 
ould be to use a binary system in which a 
2cond working fluid is used in a “topping” 
cle. 

A promising binary concept couples a liquid- 
ietal topping cycle with a conventional steam 
3ttoming cycle. In the topping cycle a liquid- 
1etal magnetohydrodynamic (MHD) generator 
3 tied directly to a liquid-metal-cooled reactor 
1at heats the working fluid to 1500°F or pos- 
ibly to as high as 2000°F. 

Recent advances in magnetohydrodynamics 
how that an MHD device is a feasible way to 
onvert heat into electricity. Although the 
llasma MHD cycle has a formidable obstacle to 
vercome—the attainment of adequate elec- 
rical conductivity within practical temperature 
imits—liquid metals have electrical conduc- 
ivities five orders of magnitude higher than 
he electrical conductivity of plasma. The power 
iensity of an MHD generator is directly pro- 
)ortional to the fluid conductivity times the 
squares of fluid velocity and magnetic flux. 
Thus, even though the velocities that can be 
achieved in a liquid-metal generator are about 
a hundred times lower than with a plasma, 
liquid-metal MHD systems have a greater po- 
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tential for compact or low-capital-cost gen- 
erators than do plasma MHD systems. 

The introduction of a topping cycle above 
1000°F creates problems that must be resolved, 
e.g., high-temperature-material limitations af- 
fect component fabrication, cost, reliability, 
and, most important, longevity. The lifetimes 
of power equipment of various maximum oper- 
ating temperatures are shown in Fig. I-1, which 
depicts typical experience with commercial 
rotating equipment, ducted gases, and reactors, 
as well as the goals of ambitious programs for 
Space power uSing thermionics and alkali- 
metal cycles.! It appears that a turboelectric 
topping cycle would be limited to a range of 
900 to 1400°F because of turbine reliability 


Advanced chemical rocket 


Solid-propellant chemical rocket 


Ducted gases and reactors 


Thermionics 


Alkali-metal 

2 space power 

TE Small Hg space power 
Turbojet a 


Rotating 
machinery 


Temperature, 10° °F 
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| 10 50 
years 


Fig. I-1 Operating temperature affects life of power 
equipment.! 
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problems. Unlike the conventional turboelectric 
generator, the MHD generator contains no 
moving parts that are subject to extreme tem- 
perature and dynamic stress and require close 
machine tolerances. As a result the MHD gen- 
erator should be able to operate under condi- 
tions that conventional energy-conversion de- 
vices could not tolerate for prolonged times. 


Liquid-Metal MHD Cycles 


Five types of cycles have been proposed for 
liquid-metal MHD power systems. They are 
Similar in that they are based on the conversion 
of thermal energy into kinetic energy, which 
then is converted into electric energy by an 
MHD generator. The cycles differ primarily 
in the way the thermal energy is converted to 
kinetic energy. 


Two-Loop Two-Fluid Cycle. In the MHD cy- 
cle first proposed by Elliott? (of the Jet Pro- 
pulsion Laboratory) as a space power cycle 
(Fig. I-2), one metal circulates in the vapor 
loop and another circulates in the liquid loop. 
The fluid circulating in the vapor loop leaves 
the condenser as condensate and is pumped (by 
an electromagnetic pump) to the mixer, where 
it vaporizes on contact with the liquid; the 
vapor expands with the liquid through a two- 
phase nozzle, separates from the liquid in the 
Separator, and recondenses in the condenser. 
Cycle efficiency is raised by a heat exchanger 
that cools the vapor while it preheats the con- 
densate. In the liquid loop the liquid is heated 







Generator 


Fig. 1-2 In the two-loop tuo-jluid MHD cycle pro- 
posed by Elliott? one metal circulates in the vapor 
loop and anotner circulates in the liquid loop. Con- 
densate from the vapor loop vaporizes when it mixes 
with hot liquid before both expand through a two-phase 
nozzle. 


Vol. 8, Me. 


in the reactor heat source, is cooled as =< 
vaporizes the condensate in the mixer, is ic- 
celerated by the vapor in the nozzle, separate; 
from the vapor in the separator, decelerates > 
producing electricity in the MHD generatc:. 
and returns through the diffuser to the he: 
source. 


Two-Loop One- or Two-Fluid Cycle. The cr- 
cle proposed by Prem at Atomics Internation: 
is also bicyclic.’ It can be operated with eithe: 
one or two fluids. The single-fluid versix 
(Fig. I-3) is especially suited for large powe: 


MHD gerera 
=m Ditas 


Liquid 










Heat 
source 





Hea’ 
erctarg: 


Fig. Il-3 In the single-fluid version of the two-io.: 
Single- or two-fluid MHD cycle proposed by Pres 
hot partially vaporized fluid expands through a ssh - 
sonic nozzle before cooler atomized liquid is injec: 
to Jorm mostly liquid stream. 


stations. After the liquid metal in the first bor 
is partially vaporized by the heat source, t> 
two-phase fluid expands by passing throug ı 
supersonic nozzle to transform the therm:! 
energy to kinetic energy. Downstream of th 
nozzle, considerably cooler atomized liqu: 
from the second loop is injected into the tw- 
phase high-velocity stream. Momentum ear- 
change accelerates the injected stream, ai 
mass and heat transfer between the two strear: 
condenses the vapor component of the two 
phase fluid. The resulting high-velocity pre 
dominantly liquid stream enters the generator, 
where most of the fluid kinetic energy is trans- | 
formed into electric energy. The second iog 
carries a portion of the liquid metal throw 2: 
heat exchanger, where cycle waste hest is 
rejected. 


One -Loop One -Fluid Cycle. A 
gle-fluid version (proposed by 3i 


m 
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mne) of the two-fluid cycle is shown in Fig. 
4. After the velocity of a two-phase mixture 
a saturated vapor from the reactor is in- 
eased by being passed through the nozzle, 
2 two-phase fluid passes directly through 
P MHD generator to produce electric energy. 
aen the fluid has been condensed, it goes 
rough a diffuser and back through the reactor. 
Lis cycle has fewer parts and is more effi- 
ent than the two-fluid cycle of Fig. I-2 be- 
use of potentially lower friction losses and 
imination of the vapor loop. Solubility and 
trainment problems are also eliminated. 


Generator Condenser 













Heat 
source 


ig. I-4 Ina simpler single-loop single-fluid ver- 
on (proposed by Petrick%@ of the two-fluid MHD 
icle, heat converts liquid metal to a two-phase mix- 
re or a Saturated vapor before velocity is raised in 
e nozzle. There is no separate vapor loop, mixer, 
- separator. 


Two-Loop One -Fluid Condensing -Injector Cy- 
e. The condensing-injector single-fluid MHD 
rwer cycle proposed by MIT’s Jackson and 
rown’ (Fig. I-5) consists of a vapor loop 
eating loop) and a liquid loop (heat-rejection 
op). The vapor is generated in the reactor 
‘at source and passes into the condensing 
jector, where it condenses in mixing with 
e liquid emerging from the waste heat ex- 









Condensing injector 


Gener ator 





Heat 
exchanger 


Joule-Thomson valve 


g. 1-3 In the two-loop one-fluid condensing -injec- 
y MHD cycle proposed by Jackson and Brown, 
por generated by heat condenses uwhenit mixes with 
oler liquid in the condensing injector before the 
¿d passes through the generator. 
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changer to give a high-velocity liquid that 
passes through the MHD generator, where 
the kinetic energy is converted to electric 
energy. Then the liquid separates into two 
streams; one returns to the reactor, where it 
is vaporized, and the other stream goes to the 
liquid loop, where waste heat is rejected. 


Slug-Generator Cycle. This cycle, proposed 
by Powell and coworkers at Brookhaven,’ is 
Similar in principle to a conventional steam- 
engine cycle. In this cycle (Fig. I-6) the vapor 
expands to accelerate liquid slugs through the 
generator. 

The two modes of operation are either (1) to 
keep the intake valve open during the expansion 
stroke and irreversibly exhaust the high-pres- 
sure vapor through a Joule—Thomson isoen- 
thalpic expansion to a condenser, or (2) toclose 
the intake valve partway through the cycle and 
continue an adiabatic isentropic expansion to 
condenser conditions. The latter is more effi- 
cient and is used in conventional steam engines. 


Potential Cycle Efficiencies 


Calculated efficiencies for the various liquid- 
metal MHD cycles are reported in Refs. 6 to 9. 
Although the primary emphasis in this review 
is on the performance of the MHD cycle asa 
topping unit on a central-station power plant, 
the results of these studies also can be applied 
to compact power systems. Data are presented 
on the following working fluids: mercury, 
mercury -potassium alloy (40 mole % potas- 
sium), potassium, cesium, and lithium. 


Two-Loop Two-Fluid Cycle. The efficiency 
of the Elliott cycle? employing cesium and 
lithium is shown in Fig. I-7. Assumptions made 
in the analysis are that: (1) the kinetic energy 
is converted to electric energy in the generator 
with 70% efficiency, including the effect of all 
fluid friction losses between the separator and 
the generator and between the generator and 
the diffuser; (2) diffuser efficiency is 85%; (3) 
the vapor-loop pump is 50% efficient; and 
(4) the pressure drops across the reactor, 
radiator, and mixer are each 10 psi. 

Figure I-7 shows how cycle efficiency (de- 
fined as MHD generator output minus vapor- 
loop pump input divided by reactor thermal 
power) varies with sink temperature when the 
nozzle inlet is at 2000°F. Under the stated 
assumptions, cycle efficiency reaches a maxi- 
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Fig. Il-6 In the slug-generator MHD cycle proposed by Powell et al. liquid-metal vapor expan- 
Sion pushes liquid slugs through the generator ina manner reminiscent of a conventional steam- 
engine cycle. V designates valves for liquid metals; X represents transverse magnetic field. 
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Fig. Il-7 The efficiency of the two-loop cesium— 
lithium MHD cycle proposed by Elliott reaches a 
maximum of 5.7% when the sink is at approximately 
1270°F (this curve is for 2000°F cesium—lithium at 
the nozzle inlet).? 


mum of 5.7% when the sink is at approximately 
1270°F. [At 30 kw(e) the flow rates are about 
19 lb of cesium per second and 120 lb of lith- 
ium per second.] The efficiency decreases at 
higher sink temperatures because the Carnot 
efficiency decreases; it decreases at lower 
sink temperatures because the Separator area 
increases and more lithium vapor enters the 
radiator. 

Figure I-8 shows the cesium- lithium cycle 
efficiency as a function of the liquid and gas 
flow rates, exit nozzle pressure, and generator 
efficiency.° 

It is apparent that this cycle has low effi- 
ciency. The maximum pressure of the system, 


and consequently the inlet pressure to t: 
nozzle, is set by the working fluids used. F:: 
a cesium-—lithium system, the temperatur: 
and pressure before the nozzle were se v 
2010°F and 150 psia. Thus the maximum th:- 
oretical cycle efficiency is approximately If 


if the nozzle exit pressure is 0.25 psi anit: | 


generator is 100% efficient; but the maximc: 


practical cycle efficiency is only approximate: 


7.5% with a more realistic exit nozzle pressu:: 
of 10 psi and an 80%-efficient generator. 


Two-Loop One- or Two-Fluid Cycle. Eft- 


ciency analyses for both the single- and tw- 
fluid versions of the Prem’ cycle are show: 
Fig. I-9; no attempt was made to optimize =: 
cycle. Optimum cycle efficiency occurs - 
approximately 10% quality for a single-fiz: 





system and supersonic nozzle inlet conditx: 


of, 2000°F and an outlet temperature equa: 
the vaporization temperature of the flud- 
14.7 psia. The upper three curves repres< 
predicted efficiencies for the two-fluid c: 
using an immiscible cesium — lithium mixtu:. 
The top curve shows how efficiency impro: 


if the working fluid is expanded to 3 psia: | 


stead of 14.7 psia; the lower two curves >”: 





of which are for 14,7-psia nozzle outlet prs, 


sures) show the importance of reducing am! 
age radiator temperature from 1050 to 780°. 

The predicted cycle efficiencies ahown « 
based on assumed efficiencies of 70% far ei 
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Fig. [-8 How efficiency of two-loop cesium—lithium MHD cycle varies with liquid and gas flow 


rates. exit nozzle pressure. and generator efficiency. 
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“ig. I-9 The efficiency of the two-loop MHD cycle of 
2rem with two fluids (upper three curves) is greater 
han with single fluids (lower two curves)” Nozzle 
nlet is al 2000°F; outlet temperature is equal to the 
aporizationlemperature at 14.7 psia. except for 
! psia for the top curve. 


trical conversions. The mechanical efficiency 
allows for losses in the nozzle plus frictional 
losses throughout the system; the electrical 
efficiency includes end losses in the generator 
and the magnetization current for producing 
the magnetic field. 


One -Loop One-Fluid Cycle. Typical predicted 
cycle efficiencies for mercury, mercury — potas- 
sium, and potassium are shown in Figs. I-10 to 
I-12. The maximum efficiency in the cycle 
occurs with 100% vapor quality at the nozzle 
inlet. 

Within the boundary conditions specified, 
mercury gives the highest efficiencies for the 
one-fluid cycle. The overall cycle efficiency is 
22.5% with the source at 1540°F, the sink at 
540°F, and the efficiencies of the MHD gen- 
erator and the nozzle are 75 and 80%, respec- 
tively. For the potassium —mercury- mixture, 
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tle efficiencies are approximately 10 to 
% lower and are much more sensitive to 
' source and sink temperatures. 

.n comparison with alkali metals, mercury 
3 the mercury -potassium eutectic have lower 
iling points, which permit operating tem- 
ratures nearer present technological limits. 
is advantage rapidly diminishes for the pure- 
>rcury system because the vapor pressure 
mercury increases rapidly with temperature; 
1540°F its pressure is 1762 psi. At the same 
mperature the vapor pressure of the mer- 
ry — potassium eutectic is only 198 psi. 

Of the alkali metals, the best fluid for the 
e-component cycle apparently is potassium, 
10Se calculated maximum cycle efficiency is 
proximately 20% over the range 2240 to 
60°F. Although cesium gives essentially the 
me efficiency as potassium, its lower elec- 
ical conductivity reduces its effectiveness in 
e MHD generator. The conductivity of sodium 
higher than that of cesium or even potassium, 
it sodium as a working fluid yields the lowest 
rcle efficiencies. 
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fig. I-13 Efficiency with mercury in the condensing- 

ejector MHD cycle when the source is at 1860°F, the 

ink is at 860°F, and the liquid-to-vapor mass flow 
tio is 5. For inlet liquid-to-vapor pressure ratios 
0.5, 1,2, and 3, maximum contraction ratios are 
, 49.2, 69.4, and 84.8, respectively? 
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Fig. I-14 Efficiency with potassium in the con- 
densing-injector MHD cycle when the source is at 
2700°F, the sink is at 1060°F, and the liquid-to-vapor 
mass flow ratio is 3. For inlet liquid-to-vapor pres- 
sure ratios of 0.5, 1, 2, and 3, maximum contraction 
ratios are 23.2, 33.0, 46.7, and 57.2, respectively.® 


Two-Loop One-Fluid Condensing -Injector Cy- 
cle. Figures I-13 and I-14 show typical esti- 
mated efficiencies of the condensing-injector 
cycle with mercury and potassium. For these 
computations it was assumed that the MHD gen- 
erator is 80% efficient and that the actual pres- 
sure rise in the condensing injector is 80% of 
theoretical. The cycle data show that mercury 
as a working fluid produces the highest cycle 
efficiency, 10%, and that it is followed closely 
by cesium at 8%. Sodium has the lowest per- 
formance potential. The ratio of the cycle 
efficiency to Carnot efficiency is in the range 
0.17 to 0.25. 

Some noteworthy trends derived from the 
cycle analysis are that: (1) cycle efficiency 
increases with injector contraction ratio and 
inlet stagnation pressure ratio but decreases 
with mass flow ratio (however, the variation of 
these parameters is limited by the-second law 
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of thermodynamics); (2) cycle efficiency de- 
creases with sink temperature and increases 
with heat-source temperature; (3) increasing 
the velocity from the condensing injector so 
that the total stagnation head is caused mostly 
by the kinetic head requires the injector geom- 
etry to give a contraction ratio greater than 
50% of the maximum so that the MHD generator 
can be of the variable-area type, and thus it and 
the injector can be designed for much lower 
pressures. 


Slug-Generator Cycle. Figure I-15 shows the 
calculated maximum ideal cycle efficiency for 
the slug-generator cycle,° assuming no genera- 


Condenser temp. = 1800°F 
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Fig. [-15 Ideal efficiencies for the slug-generator 
cycle with potassium vapor shou that adiabatic expan- 
sion ts nearly twice as efficient as isopressure ex- 
pansion § 


tor losses, for adiabatic and isopressure ex- 
pansions with potassium vapor. Note that iso- 
pressure expansion is about half as efficient as 
adiabatic expansion. As with all cycles, effi- 
ciency increases with vapor temperature. 


Overall Plant Efficiency 


The overall efficiency of a binary power sys- 
tem that has an MHD topping cycle and a nor- 
mal steam cycle as the sink or bottoming cycle 
can be estimated by combining the efficiencies: 


Ec = Emp + (100 —€uip) Ese 










where ec is the binary cycle efficiency, ¿ 
applies to the topping cycle, and esc is the 
ciency of the steam bottoming cycle. 

From this analysis the following conc 
are reached: 

1. The potential overall efficiency ofa: 
tral-station nuclear power system emplo; 
liquid-metal MHD topping cycle appears i? 
excellent. (A fossil-fired boiler using a lcs 
metal coolant also could be used as the 
source, in which case the boiler could op: 
at high cycle temperatures with the low: 
pressures possible with liquid metals.) | 

2. With an alkali metal as the working Cx 
the maximum potential overall cycle effiad: 
appears to be 55% and results from eithe:. 
potassium—steam or a cesium —steam bin.” 
cycle. The liquid-metal topping cycle opera 
between 2240 and 1100°F and produces 33 . 
the total power. The bottoming steam plan: - 
the equivalent of a modern supercritical pl. 
such as the Eddystone unit, operating at +. 
psi and 1050°F; the efficiency of the steam pic 
is estimated to be approximately 45% ani = 
based on upgrading the published Eddysw:: 
efficiency of 40.7% by eliminating boiler = 
stack losses, 

3. The maximum potential efficiency of ©- 
mercury—steam binary cycle is approxima. 
53%, which is slightly lower than the cesiuz- 
steam or potassium—steam binary cycle. TE: 
efficiency is based on the source being - 
1540°F and the condenser at 1100°F-. If the si 
temperature is dropped to 440°F, the overi 
cycle efficiency drops to approximately 4; 
even though the efficiency of the topping cpi: 
increases substantially. Although mercury - 
thermodynamically the superior working flu’. 
it has several major drawbacks: (a) vapè 
pressure rises rapidly with temperature, (hitt: 
use of additives to improve the wettability 22 
heat transfer tends to increase operatiom 
problems considerably, (c) limited availabilit'. 
and (d) relatively high cost. Thus the feasibil” 
of the high-pressure mercury system is qués: 
tionable. 

4. For the medium-temperature range ill” 
to 1600°F), mercury—potassium alloy and p°: 
tassium appear to be the most promising wort- 
ing fluids for the liquid-metal cycle, Over 
cycle efficiencies could be as high as 50%; t: 
efficiency of the MHD topping cycle alone co’ 
be as high as 15% at a maximum working pres 
sure below 75 psi. 
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=conomics. Although no detailed economic 
dies have been reported, a preliminary 
dy? indicates two major areas in which MHD 
ping cycles could save money: (1) the capac- 

of the steam bottoming plant could be re- 
>ed in proportion to the power generated in 

MHD topping cycle, and (2) fuel costs would 

lower because of the increased efficiency. 
e money saved in these two areas is avail- 
.e for converting the steam plant to the bi- 
cy cycle and thus is a measure of the eco- 
mic incentive for doing so. 


For illustrative purposes, Fig. I-16 shows 
» total savings that would result from adding 
MHD topping cycle to a base steam plant as 
function of fuel cost and increase in plant 
iciency. The values shown are for a 1000- 
v(e) plant operating with a 90% load factor, 
cost of $30/kw(e) for the steam turbine- 
nerator plant, and a 14.7% capitalization 
arge on the annual fuel savings (which trans- 
rs the annual fuel savings to an equivalent 
pital expenditure). As an example of the 
vings from a 20% increase in overall plant 
‘iciency on a steam plant whose efficiency 
is 40%, the break-even point is approximately 


quid-Metal MHD: State of the Art 


Active experimental programs are under way at 
t Propulsion Laboratory, Atomics International, 
rookhaven National Laboratory, Massachusetts In- 
itute of Technology, and Argonne National Labora- 
ry to resolve uncertainties concerning the effi- 
encies of the various liquid-metal MHD cycles 
id components that have been proposed. 


The Jet Propulsion Laboratory program to develop 
space power source is the most comprehensive 
fort in liquid-metal MHD research that has been 
»ported. In addition to tests on the MHD generator 
ith NaK as the working fluid, the nozzle, separator, 
id diffuser have been tested with water and nitrogen. 
he nozzle has delivered 90% of isentropic exit ve- 
city, the separator had about 1% liquid loss and 
)% velocity loss, the diffuser was 75% efficient, and 
ie generator operated at approximately 50% effi- 
iency. Potential lifetime limitations due to erosion 
nd to insulator loss were also investigated in water- 
ow and lithium-capsule tests; results indicated 
egligible material loss up to 1000 hr.®!° 
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Fig. I-16 Savings from increasing plant efficiency by 
adding MHD topping cycle to a base steam plant.® 


$25 million for a fuel cost of $0.20/10° Btu. 
The 20% increase in cycle efficiency can be 
achieved by an MHD topping cycle whose effi- 
ciency is 12.5%, which could be obtained with a 
maximum cycle temperature near 1600°F. 


The Atomics International development program is 
Studying (1) the simultaneous mass heat-transfer and 
momentum-transfer process, which occurs in their 
“drift tube” (2) the electrical resistivity of two- 
phase mixtures under various pressures, tempera- 
tures, void fractions, and impurities; and (3) genera- 
tor types and performance. (Analyses and research 
toward the development of an MHD electric generator 
suitable for utility applications are being sponsored 
by the Edison Electric Institute.) The only results 
reported pertain to the acceleration and momentum- 
transfer process. Studies with sand and air indicate 
that the acceleration is accomplished very rapidly, 
reaching 60% of the air velocity at a distance of 30 to 
40 cm from the injection point.!! A potassium test- 
loop facility has been built to demonstrate the overall 
power-conversion process. 


The Argonne National Laboratory program is 
Studying the performance of liquid-metal generators 
and evaluating the condensing injector. The generator 
experiments will provide data on its efficiency with a 
dispersed two-phase entering fluid for various gen- 
erator geometries, angles of incidence of the entering 
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fluid, and phase distributions. A second study, with a 
Single-phase fluid, will confirm end losses in vari- 
able-area generators and establish maximum genera- 
tor efficiencies, develop means to minimize end 
losses, and investigate the fluid mechanics of the 
generator. These investigations will provide data for 
defining the actual efficiencies of the condensing 
injector and two-phase single-fluid cycles. 


Al Massachusetts Institute of Technology, Jackson 
and Brown have concentrated on developing the con- 
densing injector and the a-c generator. Brown has 
shown that a large pressure rise across the con- 
densing injector is possible if a convergent mixing 
section is used. Jackson and coworkers!2, have 
developed the theory and outlined the performance 
limitations of the a-c induction generator. Experi- 
mental equipment is being fabricated to obtain ex- 
tensive data on the performance characteristics of 
the a-c generator. 


The Brookhaven National Laboratory program is 
oriented primarily toward investigating a slug gen- 
erator.® Extensive studies of Slug stability were made 
using high-speed movies of water, methanol, and 
mercury slugs accelerated through rectangular chan- 
nels. Measurements of hydrodynamic and hydromag- 
netic wave growth rates agree approximately with 
theory. A mercury slug generator has reached an 
output of 100 watts, and, although its efficiency was 
only 10%, work is under way on an alkali-metal slug 
generator whose efficiency is expected to be 90% or 
greater. Also, work is being done on a reciprocating 
solid-piston MHD generator. 


Others. Although programs are also being con- 
ducted at Allgemeine Elektrizitatsgesellschaft in Ger- 
many and at Space Technology Laboratories in the 
United States, they have not been reported in detail. 


When these experiments have been completed, it 
should be possible to make a more thorough ap- 
praisal of the merits of the various liquid-metal 
MHD power cycles. Both efficiencies and needed 
materials development will be more clearly defined. 


Comparison of Liquid-Metal 
and Plasma MHD Cycles 


Because most of the work done in the field of mag- 
netohydrodynamics has been on the plasma MHD 
cycle, the major problem areas and limitations of 
this concept have been pinpointed. 


Efficiency and Temperature. Gunson et al.! have 
described a detailed study of a binary plasma MHD- 
steam power plant. Rosa and Kantrowitz!® have cal- 
culated efficiencies for a closed-cycle plasma MHD- 
steam binary system, as well as for a purely MHD 
system; Fig. I-17 is based on their study. Both stud- 
ies involved a helium cycle. Gunson reports a net 
efficiency of 47.1% for a plasma MHD -steam binary 
cycle operating with a top temperature of 3000°F. 
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Fig. I-17 Plant efficiency with a closed-cycle pla: > 

MHD-—steam binary system exceeds that witha ™' 
regenerative plasma MHD cycle when the top c.. 

temperature exceeds 2500 to 3500°F. Symbols. < 
boiler; C, compressor; E, electrical output; G. 5- 
erator; H, heat source; IG, inert gas; M, MHD & - 
erator; MO, MOLONS R, regenerator; T. turbine: = 
W, waste heat.” 


For the same condition, Fig. I-17 indicates a vah=z . 
approximately 51%. Thus, to better the efficienc; 
a modern steam plant, the temperature of a biz: 
plasma MHD-—steam plant must approach 300°: 
Temperatures must approach 4000°F to acher 
overall cycle efficiencies of 55%. It also is interest=: 
to note that the pure regenerative plasma MHD cx- 
(also shown in Fig. I-17) must approach 4000 F`. 
achieve 50% efficiency. In studies of the open-c7- 
combustion-fired plasma MHD cycle, Way and You: | 
indicate that the overall efficiency of a binary systez 
is 43 to 50% for a cycle top temperature of 4500" 
the highest efficiency would be achieved with a supi- 
critical steam plant as the bottoming cycle. Ine: 
parison, liquid-metal MHD -steam binary sys: 
overall efficiencies of 50% appear possible at. - 
proximately 1600°F, and efficiencies of approxima‘: 
55% appear possible below 2200°F. 

A major factor that tends to reduce the etfici= ` 
of the plasma MHD cycle is that it is essent .- 
Brayton cycle, and so a large fraction of the p+. 
generated is required for the compressors c.. 
lating the gas. For example, in the study maz 
Gunson et al., about 25% of the total elect: 
generated was used by the compressors. See- 
techniques and heat sources greater than $22 
probably will be required to achieve an ade. 
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onductivity of the plasma in the plasma closed-cycle 
ystem. Although the development of a commercial 
actor to operate at 3200°F appears possible, there 
re many unanswered questions about fuel perfor- 
nance and structural behavior. 


Afagnet Size and Cost. In addition to efficiency at 
‘easonable temperatures, the liquid-metal MHD cycle 
ffers other potential advantages. The power density 
.chievable in a liquid-metal generator might be an 
rder of magnitude higher than for a plasma gen- 
rator; consequently smaller and less expensive 
magnets or coils (superconducting or normal) are 
easible. Because the magnet or coil is a major cost 
tem in an MHD plant, these potential savings are 
mportant. 
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Direct A-C Generation. Because d-c to a-c con- 
verters are expensive, the possibility of direct a-c 
generation is especially attractive. Jackson and Pier- 
son’? have shown that the feasibility of an MHD in- 
duction generator depends on a high magnetic Reyn- 
olds number, which is based on the wavelength of the 
field structure and the velocity difference between 
the wave and the fluid. Ionized gas flows in the con- 
ductivity range attainable now have very low mag- 
netic Reynolds numbers, approximately 107’, and 
therefore direct a-c generation with such gases does 
not appear to be feasible. On the other hand, a char- 
acteristic magnetic Reynolds number of a liquid- 
metal generator would be approximately 10; thus the 
probability of producing a-c power directly is much 
more promising. 
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Power Reoctor Technology 


Evaluating Heavy-Atom 
Cross Sections for 
Plutonium-Recycle 
Calculations 


By Edwin M. Pennington 


Reactivity calculations were made! for Yankee 
critical experiments and for Hanford experi- 
ments that involved plutonium fuel. The calcu- 
lational methods were standard. But significant 
is the fact that large reactivity differences were 
obtained by using different cross sections in 
the same computational model. 


Experiments 


The Yankee criticals studied consisted of 
four lattices with H,O-to-UO, volume ratios 
varying roughly from 1 to 3.5. The UO, con- 
tained 2.73 at.% ?*U and was in 122-cm-high 
pins of 0.38l1-cm radius; the pins were clad 
with stainless steel 0.0407 cm thick. 

Hanford criticals had PuO,—UO, in 123-cm- 
high pins of 0.472-cm radius clad with zirco- 
nium 0.0685 cm thick; the isotopic enrichments 
were 1.366 at.% ?Pu, 0.117 at.% 20pu, 0.011 
at.% %4 pu, 0.219 at.% *%U, and 98.287 at.% 
238, Four lattices were examined with H,O-to- 
UO, volume ratios varying from 1 to 5. 

Subcritical experiments at Hanford used 1.82 
wt.% plutonium—aluminum fuel, with the pluto- 
nium consisting of 93.97 wt.% °* Pu, 5.58 wt.% 
240 Pu, and 0.44 wt.% *4!Du. The pins were 111.3 
cm high, of 0.635-cm radius, and were clad 
with zirconium 0.0762 cm thick. Five water- 
moderated lattices with hydrogen-to-plutonium 
atom ratios varying from 630 to 1418 were 
investigated. 
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Physics 


Calculations 


The calculational model of Ref. 1 invole: 
three fast groups and a thermal group. Fast- 
group constants were obtained from the GAM-. 
code? using the original library,’ except th: 
versions of “Pu and **U having resonan: 
parameters were used, and the Hanford RB 
library‘ values were used for U. When `P. 
was involved, self-shielding factors calculat: 
with the RIC code’ were input to GAM-L T:- 
RIC code computes resonance integrals in; 
manner Similar to the Adler —Heinman — Nori- 
heim method used in GAM-I. 

A preliminary SOFOCATE’ problem using t:: 
actual isotopic densities as input provide 
thermal-group constants. The resulting cros: 
sections were then used in a DSN? cell calcuis- 
tion with an extra scattering region to mock-t; 
the isotropic return at the cell boundary. - 
final SOFOCATE problem using the DSN flu- 
weighted isotopic densities as input provide 
the thermal-group cross sections. Thermai- 
neutron cross sections for **u, ?pu, az: 
2*4 Pu for the SOFOCATE library were tak= | 
from Ref. 9. For “*Pu, o, values from Rel. i 
were used with values of o f adjusted as i- 
scribed in Ref. 1. 

The four-group cross sections obtained i: | 
described above were used in One-dimensic. 
diffusion theory (REX) calculations to ott: 
k.t for the experimental radius. Values af ` 
were within approximately 1% of experimen 
values for all cases. 


Comparisons 


For the Yankee critical experiments, cz- ` 
culations were done both with the RBU libr: 
version of U and the original GAM-1 `. 
Figure II-1 shows the calculations and provi:-: 
a striking example of the reactivity differen: 
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Material No. 12 (GAM) 
usad for 238y 





1.0 1.5 2.0 2.5 3.0 
H,0/U0, Volume Ratio 


ig. II-1 Comparison of computational model with 
Inkee critical experiments. 


iat can result from using different cross sec- 
ons in the same calculational model. Values 
i Ree for the tightest lattice differ by over 3%, 
hereas it is desirable to calculate with an 
rror of not more than about 1%. Even larger 
ifferences result!’ from using various cross 
ections in the same model for the highly 
ndermoderated high-conversion critical ex- 
eriments,!!~¥ 

For undermoderated light-water lattices, in 
hich above-thermal processes are of con- 
iderable importance, uncertainties in cross 
ections are of more Significance than errors 
roduced by using approximate calculational 
1ethods. There is need for further work to 
etermine basic cross-section data for uSe in 
eactor-physics computations. 


critical and Exponential 
:xperiments with 
`lutonium 


y Karl E. Plumlee 


Plutonium produced by modern nuclear power 
lants significantly affects their economy. 
farious uses are made of recycled plutonium. 
ome has been used to enrich depleted ura- 
lium (as will be described). Plutonium also 
‘an be used for fuel spikes, driver regions, 
ind full cores in reactors that require the 
arger number of neutrons produced per fis- 
lon in plutonium than in uranium; in compari- 
lon with uranium, this characteristic tends to 
roduce higher neutron fluxes without increasing 


the power level, which is an advantage for re- 
search and production reactors. On the other 
hand, if plutonium composition varies spatially, 
as it does during the operation of many cores, 
it poses a challenge to the physicist or engi- 
neer who is interested in determining the flux 
and power throughout such a core. 


The Need for Data 


Recent reports of critical ard subcritical 
experiments indicate growing interest in plu- 
tonium-enriched cores and in the use of plu- 
tonium recovered from spent fuel.!4—4 Devel- 
opment of more durable fuel elements permits 
longer fuel exposures and greater plutonium 
utilization before the spent fuel must be re- 
processed. Such highly exposed fuel contains 
plutonium having sizable concentrations of ° Pu 
and “pu (the 20pu is formed by nonfission 
capture of neutrons in 239 Du and the 241 Pu, by 
capture in *°pu), Because 2% pu has a large 
capture resonance for l-ev neutrons, its reac- 
tion rate varies nonlinearly with neutron-energy 
distribution as well as concentration (because 
of self-shielding). Thus differences in geometry, 
and operating variables, such as moderator 
temperature, affect the ?2@pu reaction rate. 
Designers must know the extent of these effects 
if plutonium is to be used economically. 

Predictions of reactivity, power and tem- 
perature coefficients, burnup, and power and 
flux distributions are quite complicated for 
plutonium systems— particularly in the often- 
encountered situation in which both plutonium 
and uranium are in the core. Consequently 
experiments are needed to develop and check 
analytical approximations. 


Experiments 


Because there are several variables to be 
considered, measurement of the reactivity ef- 
fects in plutonium cores requires carefully 
designed experiments and various fuel Samples. 
But the elaborate procedures and equipment re- 
quired with plutonium make fuel preparation 
and critical experimentation difficult. The ex- 
treme toxicity of plutonium limits permissible 
contamination to very low levels; the rapid 
accumulation of radioactive daughter elements 
severely limits the exposure time permitted 
during fuel handling. 

In addition to showing the kinds of work being 
done, a review of the experiments being con- 
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ducted will indicate rates oí progress and the 
problems encountered, even though some of the 
work is preliminary. 


UO, —PuO;, Water Moderated. Critical and 
subcritical water-moderated experiments, 
fueled by rods of 1.5 wt.% PuO, blended with 
depleted UO, (0.22 wt.% *y in uranium), have 
been performed at Hanford.’ Part of this fuel 
is being used in the Plutonium Recycle Program 
in the EBWR (Experimental Boiling Water 
Reactor), which will involve lengthy operation 
of the reactor to study reactivity trends, fuel 
burnup, and operational problems with a plu- 
tonium-fueled region. The 4-ft-high fuel rods 
_are clad with Zircaloy-2 tubing 0.37 in. in 
diameter and 0.03 in. in wall thickness. The 
oxide-fuel content averages 827 g, of which 
approximately 86.7 wt.% is uranium and 1.3 
wt.% is plutonium; the plutonium isotopic com- 
position is 91.4 wt.% 239pu, 7.8 wt.% *4°pu, and 
0.73 wt.% °“! Pu. 

The fuel rods were loaded in the subcritical 
experiment with hexagonal pitches of 0.55, 0.60, 
0.71, 0.80, 0.90, and 0.93 in.; as much as 96% 
of the critical mass was accumulated so that 
inverse multiplication methods could be used to 
extrapolate the data to criticality. These ex- 
trapolated subcritical-experiment loadings indi- 
cated 2 to 5% smaller critical masses than 
predicted by calculations that were made using 
computer codes (GAM-I, HRG, TEMPEST, and 
THERMOS for cross sections, and HFN for 
criticality). Critical experimentation using the 
0.7-in. fuel spacing indicated a somewhat larger 
critical loading (496 fuel rods) than did the sub- 
critical experiment with the Same spacing 
(484 rods). The change was mainly the result 
of component modifications, such as substitu- 
tion of polycarbonate for Lucite plastic grids 
(or templates) to space the fuel rods. 


Uranium and Plutonium Alloys, Graphite Mod- 
erated. A series of measurements was made 
at Winfrith in subcritical plutonium- and ura- 
nium-metal-fueled graphite-moderated assem- 
blies that were representative of up to 4000 
Mwd/metric ton fuel exposure.'® The facilities, 
which were called Scorpio-I and Scorpio-II, 
were designed for buckling measurements and 
for fine flux and power-distribution measure- 
ments at 20 to 390°C; the experiments were 
planned to yield data for evaluating methods of 
calculating reactivity and temperature coef- 
ficients in power reactors. Plutonium composi- 
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tions of ‘4 and 4% of the uranium conte: 
were employed, with 2.5 to 3.2% 74°Pu in ts 
plutonium; composition of °y was 0.42 to 0.45 
in the uranium rods. In some cases the pl.- 
tonium was present in plutonium —alumirc 
alloy strips, whereas in others plutoniur- 
uranium rods were used; fuel-rod diameter 
were typically 1.1 to 1.2 in., and the length ¥— 
18 in. Volume ratios of moderator to fuel wer: | 
from 17 to 108. Square lattice pitches were’ | 
8, 9.9, and 11.3 in. Scorpio-I was the large: | 
assembly with minimum dimensions of 84 by :- 
by 84 in.; there were a few significantly large: 
arrays; the largest reported was 98 by 112 > 
91 in. Details of the techniques used to me- | 
sure power distribution in Scorpio-IJ have bee. | 
described." 





Sample Measurements in Reactors. Relate: 
experiments were carried out by introducir: - 
variety of 18-in.-long samples (similar to this: 
described in Ref. 15) into an insulated cell 
the uranium—graphite reactor Hector." pe- 
cause only samples are needed rather th: ` 
complete uniform lattice loadings, this tect- 
nique offers the advantage of savings in cost `: 
fuel and in preparation. 

Reactivity differences were measured ove: 
the range 20 to 450°C. Analysis of the result 
yielded values of ke agreeing within 0.5% wt 
the values obtained from uniformly loaded L::- 
tices. The report indicates that the effects :: 
small perturbations in fuel composition (pres- 
ence of small amounts of plutonium) can * 
compared without large corrections being ap- 
plied in the analysis of results — provided th: 
lattice spacing is large, typically 8.5 in. -: 
larger. A comparison of the experimental re- 
sults with the Tracer method of lattice calcul- 
tion shows good agreement for room-temper.- 
ture reactivities, but the calculation gave .. 
values 1.5% lower than those measured « 
400 to 450°C. 


Experiments in France 


A list of French CEA-operated critical faci- 
ties and typical experiments has been put- 
lished.! Two graphite-moderated facilities ar 
mentioned: Marius, which is operated at rx 
temperature, and Cesar, which is operable + 
high temperatures. Aquilon is a D,O facil" 
and both Alize and Azur are H,O experime:t: 
Alecto-I and Alecto-Il are homogeneous-seck- 
tion experiments. 
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Marius is a natural-uranium—graphite reac- 
r that has been used for Survey work, includ- 
z variation of lattice pitch (19 to 38 cm), 
ameter of fuel channels (7 to 14 cm), and 
el-element geometry, including both annular 
d rod type fue1.!9 Tubular fuel elements were 
to 10 cm in diameter, and fue1 rods were 3 to 
cm in diameter. The data have been used to 
'velop improved methods of calculation, par- 
cularly in regard to large annular fuel ele- 
ents. The development program requires mea- 
irements of relative fission rates in *°®Pu and 
U and of their reactivities by oscillation and 
y substitution methods with plutonium —ura- 
um fuel, irradiated fuel, and enriched and 
epleted samples. Experimental data and meth- 
is of analysis for obtaining reactivities, migra- 
on lengths, and related information have been 
eported.!® 


Marius and EDF-1. Measurements and anal- 

ses of flux fine structure and of indexes of 
eutron-energy spectrum, including some ele- 
ated-temperature experiments in the EDF-1 
ower reactor, as well as in Marius, have been 
eported.”” The first part of the report details 
nethods of fine-structure measurement and 
nterpretation using °y, 233pu, and ln bare 
nd cadmium-covered detectors, as well as 
omparison with calculated fuel and moderator 
lux ratios obtained by the Amouyal—Benoist— 
lurwitz method. The second part concerns 
pectral index measurements (including 239pu, 
SU, indium, manganese, europium, and lutetium 
letectors), details of data treatment, and en- 
‘ronmental conditions. 


Marius and Minerve. Systematic experiments 
ising oscillation techniques have been used to 
letermine the reactivities as functions of sample 
‘omposition of U (enrichments up to 86%), 
Pu, and boron (up to 12 ppm), for comparison 
vith irradiated fuel samples.”! The changes in 
fective cross sections of fuel as functions of 
1eutron-energy spectrum and exposure will be 
studied by sample irradiation in the EL3 (D,O) 
reactor, followed possibly by reactivity mea- 
surements in Minerve and by chemical and 
isotopic analysis. The precision of various 
techniques used to measure small reactivities, 
including sinusoidal- and square-wave input of 
reactivity or source, and also pulsed-source 
methods, has been studied.’ Time require- 
Ments for equivalent accuracy are estimated 
for comparable methods. Limitations of the 


various methods are analyzed and reported, 
and sensitive areas are pointed out. 


Aquilon-Il. Bucklings and migration areas 
with depleted, natural, enriched, and pluto- 
nium-alloyed uranium lattices have been mea- 
sured’ in the D,O reactor Aquilon-II. Progres- 
Sive substitution measurements were made as 
the reference cores (natural-uranium lattices) 
were replaced by fuels containing 0.69, 0.71, 
0.83, or 0.86% 23šU, and naturz! uranium plus 
0.043% plutonium. Uranium pieces were 23.4 
cm long and 2.9 cm in diameter; when as- 
sembled with aluminum containers, the rods 
were 240 cm long and 3.2 cm in diameter. The 
plutonium—uranium assemblies included double 
aluminum jackets and were also 240 cm long 
but 3.4 cm in diameter. Lattice pitches were 
12, 13, 17,19, and 21 cm. The analysis indi- 
cates consistent results by use of standard 
treatment. An interesting technique involves 
using the spontaneous neutron emission rate to 
measure the uniformity of the plutonium in the 
plutonium—uranium elements. 


Homogeneous Experiments 


Critical experiments have been conducted with 
H,O solutions of 90% enriched uranyl nitrate 
and of plutonium nitrate.“ ~?’ The experiments 
provide data needed for safely handling fis- 
sionable material in solution. Typical geome- 
tries were cylinders and annuli. In addition to 
bare and H,O-reflected systems, there were 
thick reflectors of wood and concrete and thin 
shells of cadmium. Experimental and calculated 
compositions of solutions involved plutonium in 
the range 19 to 104 g/liter. Experimental 
measurements are given for several geome- 
tries;?’ values of k. calculated by two- and 
four-group diffusion theory are also given for 
several cores; critical-height measurements 
are also compared with calculated values. 
Agreement was within 1% in most of the plain- 
geometry experiments. Further calculations 
were by the transport code TDC employing the 
S-4 approximation and four neutron-energy 
groups with RZ geometry. Monte Carlo calcula- 
tions also are reported, and these indicate that 
20 to 30 min of computer time is required to ob- 
tain a precision of approximately 1.2% in 
ke for complicated geometries involving plu- 
tonium solutions. 

Homogeneous plutonium—hydrogen critical- 
mass measurements performed at Hanford over 
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the past few years have been summarized.29 
Data are reported for hydrogen-to-plutonium 
atomic ratios ranging from 15 to 870. The 
effect of nitrate was studied for concentrations 
as high as 460 g of NO, per liter. Assemblies 
were made with bare spherical geometry, with 
cadmium liners, and with reflectors of H,O, 
paraffin, or concrete. A number of PuO,— 
polystyrene plastic assemblies were reported, 
particularly for lower hydrogen-to-plutonium 
ratios. Information helpful in understanding the 
physics of the plutonium homogeneous systems 
was developed. Experimental techniques in- 
cluded standard critical-mass measurements, 
noise measurements, pulsed-source experi- 
ments, and spectral-index measurements with 
foils. Temperature variations also were studied. 


Use of Soluble Poisons 
in Critical Experiments 


By Karl E. Plumlee 


Boric acid was used to poison the moderator 
of the Alize-II critical facility.” This was done 
to obtain measurements of temperature coef- 
ficients and excess reactivities at various 
temperatures; boric acid concentrations ranged 
from 20 to 300 ppm boron. Fuel was aluminum- 
clad enriched-uranium—aluminum alloy con- 
taining 12.8 g of **U per fuel plate. Plate 
size was 0.1 by 7.9 by 65 cm. Core composi- 
tion was varied by assembling aluminum, boron— 
aluminum, and zirconium components, as well 
as fuel plates, into boxes. The boxes were 
inserted into grid positions to form cores. 
Different grids were available, providing a 
selection of box spacings. Numerous details 
are given of the steps taken to control the 
boron solutions. Measurements of boron deposi- 
tion rates on aluminum, Zirconium, and coated 
surfaces are reported for various conditions 
of temperature, concentration, etc. Residual 
amounts in the core were reported, as well 
as methods of analysis for less than 1-ppm 
boron concentration in rinse water. Degassing 
of the moderator to prevent bubble formation 
during temperature-coefficient measurements 
is also described. 

Soluble-poison studies also have been con- 
ducted with cadmium sulfate solutions.*! Cad- 
mium solutions, which are alternatives to boron 
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solutions as reactor poisons, were studied r 
detail to determine the circumstances unde: 
which irreversible deposition occurs on react: 
components. Quantitative laboratory measure- 
ments were made with various surface finishes 
both aluminum and zirconium components, an- 
with variations of temperature, pH, etc., wi 
13-ppm cadmium solutions. 


Water-Reactor Data 
Generally Verify Theory 


By Charles N. Kelber 


The growth ot low-enrichment light-water- 
cooled and -moderated power-reactor tect- 
nology has in large measure been predicate: | 
upon a massive amount of experimental ax | 
theoretical work in reactor physics. Althouc: 
some discrepancies remain, a recent summar;~ 
demonstrates basic agreement between theom 
and experiment for these systems. Thus reactcr 
theory can be used confidently as the ma: 
predictive tool in the design of these systems. 


Material Buckling 


Material-buckling measurements and calcu- 
lations are compared and examined for syster- 
atic error. Two methods are in common us: 
for measuring material buckling: “flux shape 
and “variable loading.” The flux-shape metho<. 
which uses a fit to activation traverses, has : 
major difficulty in that data from points nez: 
the lattice boundary must be rejected anc. 
especially in small systems, the detector re- 
sponse depends on the system size. The variable- 
loading method involves measuring the axi 
flux distribution for each of many different- 
sized loadings of the lattice. A two-parameter 
least-squares fit to the axial buckling vs 
lattice radius yields the reflector savings ax 
material buckling. The basic assumption th= 
leads to systematic error is the constancy -: 
the radial-reflector savings. Theory pred: 
that this is not so, but to remove this assump- 
tion requires a three-parameter least-square 
fit, with a loss of accuracy, in general. 

Similarly, a number of systematic err 
were found in theoretical analysis. Three chi: 
sources were (1) use of incorrect thermal 
neutron cross sections for **U, (2) neglect : 
the effect of cladding on the Dancoff correctiY- 
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nd (3) overestimation of the fast effect. Buck- 
ing data were sorted for 96 lattices, and theory 
vas compared with the experiment. For the 11 
attices with the smallest reported error in 
uckling, the predicted kef had an average 
ralue of 0.9992 + 0.0016 instead of 1.0. For 55 
attices the average predicted Ret is 0.9988 + 
1.0027. The greatest discrepancy, as expected, 
S in predicting the properties of closely packed 
attices. The authors conclude that the “usual 
our-group theory” systematically underesti- 
nates the worth of the radial reflector. 


latio of 238U to 235U Fissions 


A quantity directly related to the fast effect 
s the ratio of fissions in 238U to those in 2ššU, 
j8. The determination of 625 depends on knowl- 
2dge of a function P(?’,¢), the ratio of measured 
ictivity per fission in 2%U to that from °?38U; 
t” is the irradiation time, and ¢ is the time be- 
‘ween Shutdown and measurement of the activity. 
Jncertainties in P(/#', D contribute an error of 
5% to 628 For specific fission products such 
is ‘La, the function P(?t’,t) is a constant, but 
he relative yields are uncertain. 

Fast-effect calculations are fundamentally 
1OMogeneous-mixture calculations, but heter- 
»geneity calculations show that the rod advantage 
‘actor can yield as much as 1% in Ret; and 25% 
n 678. These effects can be treated accurately 
2>nough by a one-group treatment of neutrons 
ubove the fast-fission threshold in ***y, Monte 
carlo calculations using the MOCA-2 code’ 
igree excellently with experiments. A simple 
-elation can be obtained from a two-region 
-epresentation of the lattice cell. The fast 
.dvantage factor (ratio of average flux in the 
‘uel to that in the moderator) £78 can be 
-epresented by 


C8 = 1 + V,/ Vy BZ lo 


where V, = moderator volume 
Vo = fuel volume 
Z, = removal plus absorption cross sec- 
tion of the moderator 
lo = mean chord length of the fuel 
B= a numerical factor that can be re- 
lated to the chord-length distribu- 
tions in fuel and moderator 
B= 0.67 for a single rod and approxi- 
mately 0.45 for typical light-water 
lattices 
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A second result is that 67° (effects of leakage 
neglected) is given by 


6” = 65 i/(y+ 1) 


where l is ly + V/ziVi, y is the mean free path 
in the fuel augmented by fast fission, and 628 is 
the fission ratio in an infinite block of fuel. 
This representation works best for closely 
spaced lattices. 


Resonance Capture in 238U 


Measurement of this quantity or ofthe related 
ratio p28 (epicadmium to subcadmium capture 
ratio) is too inaccurate to evaluate the various 
theoretical methods available. Although some 
progress is being made, the authors feel that 
“... new and improved experimental methods 
are necessary to resolve the problems of 
resonance-neutron capture in light-water lat- 
tices.” 


Thermal-Neutron Distributions 


Errors in measurement of thermal-neutron 
Spatial and spectral distribution by means of 
foil activation stem in part from perturbations 
of the flux by the foil holder. Another source 
of error is reduced by careful selection and 
calibration of foils. Theoretical techniques in 
common use are the MARC-2B (Ref. 34) and 
THERMOS” codes and the Nelkin scattering 
kernel.** Predicted and measured spectra and 
distributions are in good agreement, but dis- 
crepancies of 1 to 5% in the disadvantage 
factors remain. 

An important source of theoretical error is 
the treatment of the boundary, especially in 
closely packed lattices. Use of a condition of 
isotropic return eliminates most of this source 
of error. 


Reactivity Changes 
with Long Irradiation 


By Bernard |. Spinrad 


As plant capital costs go down, reactor fuel- 
ing costs become a larger fraction of power 
cost. Therefore the incentive to reduce fuel- 
cycle costs in reactors becomes greater, and 
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the impact of even small cost reductions be- 
comes more significant. The ability to under- 
stand and predict the isotope and reactivity 
history of the reactor and its fuel is the 
major physics contribution to fuel economy. 


Fuel-Management Methods 


There are three general regimes of fuel 
management, and these depend on the specific 
power of the reactor. For reactors of low 
specific power dnd long fuel residence times 
(several years), reactivity changes are small 
over appreciable lengths of time; then, because 
the problem is to schedule fuel loading and 
unloading most advantageously, reactivity- 
change studies emphasize the achievement of 
criticality under steady-state fuel management. 
(The same situation holds for higher specific- 
power reactors if they have rapid fuel-change 
mechanisms, as do CANDU and the newer 
British gas-cooled reactors.) 


For reactors of somewhat higher specific 
power, such as most of the higher power water 
reactors, refueling is notdone frequently enough 
to be used as the major means of reactivity 
control. Because fuel residence times are from 
one year to a few years, reactivity changes 
appreciably during irradiation, requiring the use 
of control systems for major shimming. The 
change of flux shape and spectrum under irra- 
diation, coupled with the fact that these changes 
also depend on the means of control adopted, 
become important. However, appreciable reac- 
tivity is also manageable by zoned or other 
forms of graded fuel loading, and some re- 
location of fuel elements at reloading times is 
possible. 


At very high specific power, refueling time 
becomes a major economic factor; unless on- 
line fueling is adopted, fuel lifetime is limited 
by the excess reactivity loaded and the method 
of controlling this reactivity. One or two, or 
at most three, running periods exist between 
load and discharge of an element, and only 
very limited fuel management can be employed. 
The physics of control and of isotope— and 
flux— change as a function of position becomes 
the overriding problem. 


A survey of papers presented at the Geneva 
Conference provides the opportunity of reviewing 
this important field. Future issues of this 
journal may then report further progress. 


Vol. 8, Ne- 


Prediction and Measurement 


Four major papers were presented on tt- 
subject—one each from the United State: 
United Kingdom, Canada, and France. 


Light-water reactor physics was emphasize: 
in a bibliographic review of the status of U.: | 
technology.’ Light-water power reactors te: 
to have rather high specific powers and la: 
refueling times. Therefore the emphasis is = 
calculation of reactor changes over long irra- 
diation, with fuel-management studies being lts: 
developed. References are given to the depi- 
tion and flux-evolution codes that have be: 
used and are recommended. Because the &- 
tailed evaluation of a three-dimensional react 
with control system, as a function of time = 
an expensive process even with modern cor- 
puting machinery, there has been a recenttre= 
toward reactivation of few-group diffusion theo" 
and few-region flux synthesis, with very go: 
results reported. These methods are all ci:- 
in the paper’s bibliography. The authors cœ- 
clude that calculational methods are, by = 
large, adequate and that the next improvem= 
in predictive capability will come from isotc:. 
analysis of irradiated fuel and its correlat: 
with improved basic cross-section data. 


Gas-cooled-reactor fuel management +¥- 
studied in the United Kingdom. Because thes- 
reactors are capable of virtually continua: 
refueling, the details of flux-shape evoluti 
are unimportant, and the scheduling of regi- 
fuel relocation is the major problem. No recor- 
mendations are made; the antagonistic aims :: 
uniform power (maximum equilibrium react" 
on the reactor fringes) and maximum %&:. 
residence time (maximum reactivity at t: 
center) must be evaluated in detail for anv *’ 
of reactor economic criteria. 


Experimental burnup physics studies wr 
described in a status report on the Frex: 
program.®® The report is of value, first. a: 
bibliography of pertinent French work (mos: 
CEA reports), and, second, as a good exam: 
of the sort of coordinated experimental progr: 
required to understand integral properties 
irradiated fuels. To calibrate single-samr: 
measurements on irradiated samples, the pr.- 
gram features measurement of clean pbt- 
nium—uranium fuels as regional lattices . 
substitution experiments. The fuel enrichme:: 
are low, as would be employed in heavy-wa:: 
reactors. 
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The D,O reactors, particularly CANDU, ben- 
it from comparisons of theoretical and ex- 
>2rimental isotope—and reactivity —changes 
| DO reactors. The Canadian program, which 

possibly the most integrated one of theory 
1d measurement for a single reactor type, 
as described in detail.“ The computational 
odel used is the standard two-group four- 
ctor formula with, however, each term ra- 
onalized for both logical correctness and 
cperimental verifiability. As irradiation pro- 
2eds, effective cross sections and resonance 
itegrals are varied to account for changes 
| neutron spectrum and isotopic concentra- 
ons. Fission-product cross sections have been 
easured and reported. The effect of radial 
ynuniformity of burnup in a rod has been 
ivestigated and found to be small owing to 
anceling effects of plutonium and fission 
roducts. The conclusion is that reactivity 
aange in a D,O reactor can be predicted 
osely —0.1% or so in reactivity, correspond- 
ig to +10% of a 10,000 Mwd/metric ton life- 
me. 


\perating Experience 


The measurement and prediction of reactivity 

nanges in British gas-cooled reactors were 
ascribed in some detail.‘! By frequent rod 
ecalibration, both reactivity change and tem- 
2>rature coefficient of reactivity have been 
llowed up to several hundred megawatt-days 
2r metric ton. Reasonably good theoretical 
t is obtained with a two-group reactor model, 
1 which the neutron temperature is obtained 
y a thermal-spectrum calculation and self- 
1ielding of plutonium resonances is computed 
ı detail as a function of local plutonium con- 
antration. 


Reactivity experiments after irradiation of 
atural uranium, 23SU, and 23ŠU in the Materials 
esting Reactor (MTR) were reported.” Al- 
iough the irradiation spectrum in the MTR is 
ot very characteristic of a power-reactor 
istory, the results of the natural-uranium ir- 
adiations provide a valuable checkpoint for 
,eoretical methods since they extend to 15,000 
[wd/metric ton. This work has been reported 
reviously.*? The experiments agree well witha 
tandard depletion code. The °35U and 233U ex- 
eriments serve as measures of the effective 
ross section of stable and long-life fission 
roducts (after the xenon transients, which they 


PHYSICS 217 


also measured, had decayed). An effective 1/v 
cross section of approximately 50 barns (for 
each fission caused by 2200 m/sec neutrons, 
not per fission product), in good agreement with 
theory, is found for several irradiations. A 
resonance integral between approximately 170 
and 210 barns per fission is also reported, 
which is about 10% lower than theoretically 
estimated. 


Burnup experience with the Novo-Voronezh 
reactor (WWER) was described without going 
into details of fuel or control management or of 
evaluation methods.“ An initial fuel enrichment 
of 2% permits operation to a discharge burnup 
of 12,000 Mwd/metric ton. 


Calculations 


A method for calculating global flux changes 
during irradiation was reported without presen- 
tation. The method uses two-group theory and 
a simplified method for solving the Helmholtz 
equations in a few-region system. 


Local reactivity as calculated by standard 
depletion codes fits remarkably well to a 
quadratic in flux time. With this simplifying 
assumption, analytic expressions for reactivity 
lifetime can be obtained for a variety of fuel- 
management schemes. Amusingly, this paper 
cites no Western references, even though the 
work is similar in spirit to Canadian and U. S. 
work reported at the 1955 Geneva Conference. 


The use of soluble and burnable poison in 
water reactors was evaluated.’ No reactivity 
experience is listed in the paper, which is to be 
considered rather as a bibliographic source. 
Soluble- and burnable-poison control-physics 
calculations are key problems in reactivity cal- 
culations for high-specific-power reactors be- 
cause the errors in predicting control margin 
are comparable to the normal errors in reac- 
tivity-change prediction. 


Improvements 
in Resonance-Integral 
Theory 


By Paul F. Gast 


During the slowing-down process, neutrons 
may be captured by the reactor materials 
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through the action of resonances. Because such 
captures in ?39U or thorium make important 
contributions to fissionable-material produc- 
tion, they have been studied extensively. Thus 
neutron-capture rates in SU and thorium can 
be computed satisfactorily for simple fuel 
shapes by semiempirical methods. However, 
captures in other materials or in more com- 
plicated fuel shapes require theoretical treat- 
ment, at least in the exploratory conceptual 
design stages. Work on resonance-integral 
theory began in the University of Chicago Metal- 
lurgical Laboratory days. Some recent develop- 
ments are reported here. 

It is now possible to calculate resonance 
integrals for isolated resonances to anaccuracy 
limited only by a knowledge of the resonance 
parameters and by the time and effort ap- 
propriate for the case in hand. Monte Carlo 
methods have been available for some time; 
recently, numerical analytical techniques have 
been applied to these problems. 

The collision densities and fluxes for homo- 
geneous mixtures of uranium and carbon have 
been obtained for the 6.7-, 21.0-, and 36.8-ev 
resonances of *“*y by numerical solution of the 
integral equation.“® A well-moderated case and 
one with very little moderation were considered. 
Although the results are unlikely to find direct 
application in reactor design, the paper has 
considerable didactic value because the six 
cases considered nicely illustrate most of the 
features of resonance absorption that are neg- 
lected in the usual approximations. 

A similar solution for a uranium cylinder 
in a graphite lattice has been worked out for 
the 6.7-ev resonance only.“® Details of the 
method have not been published, but isotropic 
scattering was assumed, and a polynomial ap- 
proximation of the transport kernel was used. 


In reactor design work such calculations are 
not usually feasible, so most theoretical at- 
tention has been directed toward less laborious 
methods that give accuracies appropriate for 
reactor work. The intermediate-resonance 
method’ has been extended to the heterogeneous 
case! by the use of equivalence principles. A 
physical interpretation of the method’? permits 
easy computation of the “width parameter” and 
extension to Doppler-broadened cases. 


Equivalence principles rest on two approxi- 
mations: (1) the assumption of a flat source in 
computing the escape probabilities from the 


Vol. 8, tx: . 


absorber and (2) the use of a rational appr:. 
mation to represent the resulting probabilc-: 
The errors arising from the flat-source ::- 
sumption have been examined. 91653 The bš: 
approach is the same in both papers, but - 
method of Ref. 53 has the advantage of - 
being limited to thin slabs. Table I[J-1 skh>;: 


Table II-1 PERCENT ERRORS FROM FLAT-SOLE: : 


APPROXIMATION®® 
Slab - Neutron width/resonance width, Toe 
thickness 0.2 0.4 0.6 0.8 
0.0 1.1 2.7 5.5 11.5 
0.3 1.3 2.9 5.7 11.7 
0.6 1.6 3.2 6.0 11.9 


the results obtained by numerical integratix- 
which depend on the amount of resom::.: 
scattering and the slab thickness (in poter 
scattering mean free paths), Presumably, six:- 
lar values would apply for other simple coz:: 
shapes with the same surface-to-volume rat. 
appreciable errors occur when the resonan: :: 
a strongly scattering one. 

Improvements in the rational approxima: 
are the subject of continuing investigation, = 
three recent efforts were described in = 
Summer 1965 issue of Power Reactor T. 
nology.” An additional formulation has t<: 
reported,’ and its extension to nonblack tutu: 
absorbers has been developed.’ 
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eactor Control 
xperience 


Joseph M. Harrer 


yntrol-system designers sometimes introduce 
ant features that, although good in principle 
' in laboratory tests, do not always work out 
‘cording to plan when the plant is operated. 
yus the experience with control equipment and 
e failure analyses that were aired at the Con- 
rence on Reactor Operating Experience (spon- 
yred by the Reactor Operations Division of the 
merican Nuclear Society) are significant for 
>Signers. One attendee's summary and inter- 
`etations are given here. 


eactor Accident Frequency 


The general opinion exists that reactor ac- 
dents are unusual occurrences. Over a period 
' a little more than 20 years, all types of re- 
*tors and critical experiments have amassed 
total of more than 1000 years of operating 
istory. Despite the fact that many of these 
evices were of new or experimental configu- 
ations, no member of the general public has 
ver been overly exposed to radiation or suf- 
‘red inconvenience from a reactor accident.! 
ut during these 20 years there have been about 
) accidents or incidents that resulted in 
rompt criticality, crew fatalities, or massive 
amage to the plant. At least half of these ac- 
idents would not have occurred if the reactor 
afety systems had operated correctly. 


Components Have Been Reliable. In an effort 
) prevent reactor excursions, reactors still 
re being built with equipment that automati- 
ally checks safety-system performance as 
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frequently as once per second. The object cf 
these tests is to detect safety-component fail- 
ure before any reactor excursion occurs. But 
the actual record of one uncontrolled excursion 
per million operating hours shows that not one 
of them resulted from failure of a safety- 
system component. 


The System Must Be Able. Some excursions 
occurred when the safety system lacked proper 
input information; several failures resulted 
from slow response by the safety system. In at 
least two cases, the safety system was para- 
lyzed by the accident; in another case the ac- 
cident was intensified by safety action—and in 
still another case the accident was caused by 
an attempt to scram the reactor. Thus, rather 
than being related to component failure or lack 
of reliability, these performance failures oc- 
curred because the safety systems were in- 
herently unable to protect the reactors. Clearly, 
although it is impossible to anticipate or simu- 
late the exact conditions under which the safety 
system must perform, much more must be done 
to make tests uncover more than just component 
failure. In this way designs and operating pro- 
cedures can be corrected so as to prevent un- 
controlled excursions. 

Although the statistical experience of one 
uncontrolled excursion per million hours was 
acquired with all sorts of reactors and critical 
experiments— and thus is not really applicable 
to the situation in which we are operating 
proved and stably operated reactors —its im- 
portance can be appreciated from the facts that 
(1) most reactors today have higher powers 
and greater fission-product inventories and (2) 
direct extrapolation of these statistics would 
indicate (improperly, however) that, over a 
25-year life, one out of four reactors would 
suffer an uncontrolled excursion that results in 
massive damage. 
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Perhaps a significant question is, “Have we 
been learning enough from experience?” Simple 
component testing is not the answer. Operators 
and designers must devolve tests and correc- 
tions that will prevent accidents more effec- 
tively. 


Rod Problems 


The primary safety device has always been 
control rods. Thus tests that detect impending 
trouble in control rods are important for pre- 
venting accidents. But how dependable is a test 
that simply assures the time for scram is less 
than a predetermined value? Not very depend- 
able, according to experience with the UMRR 
(University of Missouri at Rolla, Reactor), a 
10-kw swimming-pool reactor,’ and with the 
61-Mw Heavy Water Components Test Reactor 
(HWCTR) at Savannah River Laboratory.’ 


UMRR Rod Swelling. Each of the original 
Shim-safety rods consisted of a type 304 stain- 
less-steel shell lined with 30 mils of cadmium 
and filled with B,C powder. Because such rods 
elsewhere have a history of failure, the UMRR 
rods were checked closely by measuring rod- 
drop times at six-month intervals. These tests 
were expected to yield information on the con- 
dition of the rods, particularly about swelling, 
as well as simultaneously checking the scram 
circuit. 

But during one routine startup, control-panel 
instruments indicated that a control rod would 
not withdraw beyond 17 in. Inspection showed 
that the rod was hung at a partially withdrawn 
position. After the reactor was shut down, rod- 
drop times were measured and found to be nor- 
mal for withdrawals of up to 16 in. After the 
core was dismantled and the suspect control 
rod was removed, measurement witha microm- 
eter showed an 8.6% increase in rod thickness, 
which was enough to cause the rod to bind in 
its channel. Although similar measurements 
showed that the other two shim-safety rods had 
swelled 3.2 and 3.0%, rod-drop times gave no 
indication of this Swelling. 

A possible failure mechanism is that a shell 
leak allows water to accumulate in the rod, 
radiation decomposes the water, the gas pres- 
sure Seals the hole by forcing damp B,C powder 
into ıt, and subsequent water decomposition 
raiSes the pressure, which Swells the shell. 

The original rods in the UMRR have now been 
replaced by solid rods consisting of 18-18 
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stainless steel alloyed with 1.5% boron. + 
expected, these new rods have a measur: 
worth 80% that of the original B,C rods. T: 
is more than adequate for the excess reactiv. 
used in the UMRR. And, because of the gre:::: 
reliability of the new rods, safer operat 
results. 

The UMRR reactor staff concludes that. -. 
though rod-drop-time tests provide a g 
monitor on the total scram circuitry, they «- 
not adequate for monitoring control-rod ¢:'- 
dition; for this, periodic direct inspection x. 
measurement of rod dimensions are necess:> 


HWCTR Rod-Guide-Tube Ruptures. The t= 
measured in rod-drop tests is often judge: - 
Satisfactory if it is less than some stani:: 
value for a particular rod system. But și 
perience at the HWCTR shows that a sım. | 
go—no-go test does not guarantee that fail: | 
is not in progress.’ Safety-rod drop times vw: 
measured at HWCTR before each startup, z=- 
lyzed for unusual results, and compared w: 
previous results to indicate trends. When rèi- 
drop time decreased, loss of snubbing acti: 
was the cause; the problem was traced to ru: 
ture of the Zircaloy-2 guide tubes for four- 
the six safety-rod assemblies. The rods h 
been in service for nearly three years. 

The failures consisted of longitudinal spi’: 
Starting at a transition in size of the guide tute 
These tubes are 11.3 ft long, but the ainsi: | 
diameter of the bottom 3.4 ft is 1.3101. 
(rather than 1.375 in. as in the upper sectix | 
to provide a \4-in.-high transition piece 2. 
hydraulic snubbing action when the contre! .- 
drops. The splits were attributed to à .... 
bination of high residual stress in the tc-a:- 
down area and cumulative tensile-stress pul>:: 
when the rods were snubbed. 

The existence of residual stresses uw. 
have been expected. The upper and lower se - 
tions were of the same thickness, and the i- 
Sign called for absorbing the snubbing forc:: 
in tension in the lower Section. This u ttsr- 
leads to the second observation, that tens:.- 
pulses contributed to the failure. It is »- 
known that considerable tensile stress « - 
develop under those conditions. The vert.. 
tensile stress could have been eliminated F. 
bottom support for the guide tube, but the 3 - 
Stress that initiated the failures would rema- 
The correction involved lengthening the trazs. 
tion section from '⁄4 to, 1 in. and changing: 
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»ecifications to assure less residual stress 
id higher ductility. 
Further study of the tubes showed that D, 
)yntent of the Zircaloy was 100 to 300 ppm, 
nich is considered high; generally, the D, con- 
nt at the transition piece was at the higher 
ilue. Other Zircaloy tubes that had endured 
e same reactor environment —but which were 
low nickel content —did not display this high 
» pickup and remained much more ductile when 
Sted by completely collapsing the tubes. They 
d not crack even when fully collapsed. On the 
tsis of these tests, an overall conclusion is 
iat either Zircaloy-4 or low nickel Zircaloy-2 
ould be much better for use under the HWCTR 
ynditions, which are 200 to 250°C, pD of 10 to 
. (at 25°C), chlorides less than 0.1 ppm, O, 
ss than 0.1 cm? per kilogram of D,O (0.14 
ym). 


ravity-Independent Rods 


Gravity rod-insertion systems are as old as 
2actors themselves. But what if you do not 
ive gravity acting in the proper direction at 
1 times? A gravity-independent system with 
rings provided one answer.‘ The need arose 
cause the Aerospace Shield Test Reactor 
STR) had to be rotatable in two planes and 
»Sitionable vertically for various shielding 
(periments. Thus, rather than heavy rods (on 
hich gravity usually has a beneficial effect), 
lighter rod had to be found for this reactor. 
ptimum performance was obtained by select- 
g a minimum thickness of silver—indium— 
idmium by means ofcritical-experiment tests; 
_ these tests a 0.200-in.-thick absorber was 
rst tried in the critical assembly; then the 
lver—indium—cadmium was machined to 0.18, 
15, 0.12, and finally to 0.100 in., at which 
ickness a sharp drop in effectiveness was ob- 
2rved. With the 0.125-in. thickness selected, 
ich 24-in.-long rod weighs only 13 lb. Spring 
irces vary between 30 and 80 lb, with the 
gher force when the rod is fully withdrawn. 
hus maximum and minimum forces are 6 and 
#. Even if the reactor and rod are completely 
iverted so that gravity acts against the rod 
Irings, the basic 1 g is always present to hold 
ie rods in the shutdown position. 


Springs Vs. Pneumatics. Gravity-independent 
ods are widely used on critical experiments, 
specially for fast reactors—where the as- 
2>mbly and the rods are operated horizontally 
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(to make it easy to assemble fuel in trays), but 
in air rather than in water as is the ASTR, 
Many designers feel that air cylinders provide 
an adequate and neat stored-energy package 
and prefer them to springs. Assemblies of 
springs usually are much more bulky, and some 
mechanical designers do not consider them 
more reliable than a well-designed pneumatic 
system. But the big objection to pneumatic sys- 
tems .is that an oil explosion could suddenly 
wreck the entire system and rapidly remove 
the stored energy force. Although oil explosions 
in air storage systems can be prevented by 
using pumps that do not need an oil lubricant, 
self-lubricating pistons (for example, graphite 
rings) would also be needed in the scram cylin- 
ders. The pistons could be lubricated with high- 
flash-point oil, but this would not be an ideal 
solution. 

The use of springs or pneumatic systems for 
stored energy in gravity-independent systems 
remains an open question. Designers and users 
are well-advised to keep abreast of pertinent 
experience and observe any failures realisti- 
cally. It may well be that springs could be far 
Superior when one considers the long-term 
maintenance problem and the fact that cata- 
Strophic failure of a spring is not likely if in- 
spection is adequate. 


Control of Critical Assemblies 
by Moderator Level 


Usually the dumping of moderator from a 
critical assembly is considered a backup for 
control rods. But experience with moderator 
control at the Westinghouse Reactor Evaluation 
Center shows that variation of moderator level 
can be a useful primary control method.® The 
important principle is to vary the moderator 
level so that at the operating point the keff is 
approximately unity due to the upper reflector. 
Then the upper portion of the reflector is of 
decisive importance; lowering it will produce 
negative reactivity immediately even with the 
rods partially controlling the reactivity. 

Use of the moderator as the basic control 
device is desirable when the cores being 
studied have nonhomogeneous fuel enrichments, 
dimensions, and cladding. Criticality is 
achieved first by movement of control rods 
and then by the exchange of reactivity in con- 
trol rods and moderator until the rods are 
fully withdrawn. 
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Advantages. The achievement of uniform lat- 
tices requires complicated design and fabrica- 
tion efforts if rods are used at all. Fueled 
followers (for control-rod slots) tend to pro- 
duce core uniformity. But if any fuel protrudes 
into the lower reflector, nonuniformity is in- 
troduced. The coupling of control material to 
fuel represents a potential source of weakness 
in the rod structure, and, because a hazard is 
created, the absorber follower section could 
fall through the core. This type of problem 
calls for a meticulous design effort to assure 
Safety. For a reduction in this time-consuming 
and costly work, and at the same time for an 
increase in the inherent safety, it is much 
better to rely on moderator-level control com- 
pletely. 

The most probable and most severe accidents 
considered in hazard analyses for critical fa- 
cilities and reactors are presumed to come 
from rapid (step) movement of control mate- 
rial. Thus, in terms of positive insertion of 
reactivity, operation by moderator control is 
a significant step in the direction of safer 
operations because it eliminates a possible 
accident-creating component. 

The ramp rate one obtains from moderator 
control is a single continuous variable, where- 
as the ramp rates of control rods vary with 
radial location; thus, for a given core, the 
operator does not have to be concerned with 
there being different ramps available at his 
fingertips. There is only one method of adding 
reactivity, and any mechanical failure in the 
moderator-fill system (leak, pipe failure, etc.) 
results in moderator loss and reactivity loss. 

It has been argued that, with a high modera- 
tor level, the moderator reactivity differential 
effectiveness is low and then one has no rapid 
means of inserting negative reactivity. How- 
ever, this argument tends to be countered by 
the fact that under such circumstances fast in- 
Sertion of positive reactivity is not even pos- 
sible. 


The whole problem as discussed in Ref. 5 
gives one Side of one of the oldest arguments 
in Critical-facility operation. Should one raise 
water with rods withdrawn ready to stop an 
uncontrolled reaction, or, knowing that the rods 
will prevent an uncontrolled reaction, should 
one leave the rods in place until the water 
moderator is fully in? 

The usual method is a compromise. One or 
two rods are removed, then the water is raised, 
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and later the other rods are raised to ach:- 
a critical assembly. If moderator level alom : 
used, it is argued that first all rods shoul: > 
raised and then the raising of the moder. 
should begin. However, in many assemblies + 
cannot be done without violating interlocks. 

A strong case can be made for moderat.: 
only control, but it is very difficult to pr: 
that by itself it assures safety. If rods i 
present or even possible, it seems safer t 
them in some way to limit the bulk moder::: 
effect and then later achieve a uniform cor: - 
changing moderator level and exchanging r... 
erator reactivity for rod reactivity as the; -~ 
drawn out of the core. 


Subcriticality Measurement 


All reactor operators want a simple and s 
way of measuring subcriticality during s- 
down. Although this is one of the most dif::-- 
measurements to make in a power react. - 
can be done relatively well in “clean” cnt: 
assemblies and in low-power multiplication <" 
periments. As always, the key factor is insi-- 
mentation—but, in theory, the measurer:: 
is always possible. 

The measurement consists in compari ` 
neutron statistical variation at two or 
frequencies. As the ratio of the low-to-L- 
frequency amplitude increases, criticalt - 
approached, But in a power reactor, the +- 
gamma background makes this measurer: 
difficult if not impossible. As a step tow 
circumvention of this problem, an experir-: 
was performed in which a conventional 12 car: 
(sec)(nv) BF;-filled detector was connected :: - 
20-Mc wide-band video amplifier by a 75-%- 
impedance transmission line. A pulse widt 
about 100 usec was observed. Although newt:- 
counting rates were higher, even with the vi” 
band electronics there was no significant > 
provement in gamma tolerance. This led t =- 
of a lower-multiplication gas tube. 


A boron-lined detector about 9 in. lost’ 
'/ in. in diameter was selected. For grt": 
sensitivity and efficiency, four prototype =~ 
were operated in parallel. One tube bi: 
boron-coating thickness of 1 mg/cm! an 8 
filled with argon—isobutane at a press 
250 mm Hg; the other three tubes were Ë 
with argon—carbon dioxide to the same Ft 
sure, but their coating thicknesses were 0‘ 


and 1.2 mg/cm’. The detectors were ch&w- 
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ith a neutron source, and spent fuel elements 
2rved as a gamma source. The typical count- 
ate response for various pulse-height settings 
own in Fig. II-1 indicates only slight de- 
2nsitization of the detector in a gamma field 
— 19,000 r/hr. Thus the author concludes that 
ktension of the wide-band techniques with 
liniature boron-lined detectors will permit 
ieasurement of the reactivity of shutdown 
ower reactors by noise-analysis techniques. 


With neutron source only 


With neutron source plus Ò 
19,000 r/hr gamma background Ù 





Pulse Amplitude, volts 


“ig. HI-1 Count-rate response at various pulse- 
teight settings for four miniature prototype boron- 
‘oated detectors operating in parallel shows'that 
19,000 r/hr gamma field desensitizes detector only 
slightly 6 


-iquid-Poison Injection 


Even with good instrumentation, fast safety 
circuits, and control rods to prevent and stop 
any uncontrolled excursion, reactor designers 
have always tried to install a backup system 
that could be used if the rods failed to control 
the reactor. A survey of the methods of backup 
protection used on reactors is given in Nuclear 
Safety, 7(1): 45-52. This backup often is in the 
form of a neutron-absorbing liquid poison, such 
as boric acid, that could be forced into the re- 
actor coolant or moderator. But the design of 
such a system calls for a special approach. 
How fast should it operate? Should it be auto- 
matic or under procedural control? Is stored 
high-pressure gas a good force to inject poison 
into a pressurized reactor system? Experience 
with liquid-poison injection systems at Savannah 
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River Laboratory can help answer such ques- 
tions. 


In the HWCTR® protection comes from in- 
jecting poison (K,B,O,—4H,O) into the coolant 
(D,O) stream. The operator would actuate this 
system if the neutron flux fails to decrease 
after a scram signal. The solution has the same 
reactivity worth as the control rods, a mini- 
mum of 24% Ak/k. If uniformly distributed in 
the full 7000 gal of D,O in the primary system, 
the poison would keep the reactor subcritical 
under all conditions. 

The system was tested at least once a year 
during an outage by replacing the poison solu- 
tion with D,O and timing an injection; poison 
injection was never actually required during 
reactor operation. 

As the system was originally designed and 
built, poison solution was delivered rapidly 
from a storage tank pressurized by helium 
from an external source. It was planned to 
adjust the helium pressure for the proper in- 
jection time, depending on whether the reactor 
was pressurized or unpressurized, and to de- 
termine the proper helium pressures experi- 
mentally during prestartup tests. These tests 
showed that this arrangement would not deliver 
the poison properly under certain combinations 
of reactor pressure and flow. On several oc- 
casions with the reactor unpressurized and 
when some D,O was blown out of the tank, the 
main D,O circulating pumps became gasbound 
by large volumes of helium. 

These problems were avoided by the following 
changes: the pressure between the reactor gas 
space and the storage tank was equalized by 
connecting the reactor gas space to the poison 
storage tank, which was elevated about 50 ft 
above the reactor so that gravity would provide 
the driving force; an orifice was installed in 
the injection line to control the injection time. 
After these changes the remaining variable that 
affected the injection time was the coolant flow 
through the reactor. About half the system 
pressure drop is across the core—and thus 
between the reactor gas space and the modera- 
tor space where the poison is injected. There- 
fore the coolant flow in the reactor directly 
affects the driving force for injection. 

Injection time must be quite a bit longer than 
the recirculation time of coolant to assure that 
enough poison is always in the reactor core. If 
too-rapid injection were allowed, each coolant- 
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flow cycle could sweep the poison completely 
out of the core and result in a power excursion. 
Table III-1 shows the amount of poison injected 
and compares its injection time to the D,O 
circulation time for full flow and shutdown flow. 
This method was proved by test, and there was 
no gas binding in the pumps. 


Table HI-1 HWCTR POISON-INJEC TION CHARAC- 


TERISTICS 
D,O O 
full flow shutdown flow 
D0 circulation time, min 0.6 2.0 
Poison total injection time, 
min 3.6 3.9 
Total poison injected, gal 73 60 


Actual injection of another neutron-absorber 
liquid was tested in a production reactor at 
Savannah River Laboratory.’ This system in- 
jects Gd(NOgs—D,O solution directly into the 
D,O moderator. 

Important mechanical features of the system 
are that: (1) it operates on self-contained pneu- 
matic power that is independent of other pneu- 
matic or electrical networks, (2) injection is 
not automatic, but rather is initiated from the 
reactor control room in accordance with spec- 
ified procedures, and (3) injection of Gd(NOs)5 
starts not less than 5 sec after initiation of the 
signal but then is completed within 3 sec after 
injection is begun. 

In a Special test in a production reactor 
operating at power, reactor power began to de- 
crease 3.5 sec after the system was actuated 
and had decreased to 50% after 6.5 sec. Reac- 
tor response to the poison injection is shown in 
Fig. HI-2. (The poison was subsequently re- 
moved from the moderator by ion exchange.) 


Computer Applications 


The work of compiling a large amount of data 
accurately, quickly, and selectively is obviously 
the job for a computer. At Savannah River, the 
application of modern computer technology is 
helping ease operational problems. 


An on-line digital computer® at the K produc- 
tion reactor there improves reactor safety and 
operating efficiency by providing more thorough 
surveillance and by compiling accurate oper- 
ating information much faster than could be 
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Fig. HI-2 Rapid shutdown occurred when ke: 
absorbent liquid was injected into reactor modi’: 


obtained otherwise. Signals from about ° 
thermocouples, flow and pressure meters. £ 
monitors, and other sensors provide inforz- 
tion from all regions of the reactor. 

Two types of data scans are provided: : - 
sequential scan of 2400 temperatures and f:% 
in the 600 reactor-lattice positions, and :. 
random-access scan for nuclear instrume:: 
in-core flux sensors, and miscellaneous st- 
sors in the D,O primary and H,O seconz: 
(river water) coolant systems. 

Surveillance of reactor operating limit - 
an important function of the computer. Sever- 
types of fuel elements can be used in one re: - 
tor charge, and each may have distinct hydr- 
lic characteristics and operating limits. Ali 
programs compare reactor data with the x- 
propriate limits for coolant flow, temperat- 
temperature rise, and bulk moderator T 
temperature. An alarm is typed in red if - 
operating limit is exceeded... periodic pri 
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It of the margin from the nearest limits is 
sed by reactor operators to adjust reactor 
ywer level. Complicated limits, such as prox- 
nity to burnout heat flux, are calculated on 
2mand with axial flux data from in-core sen- 
yrs and fuel-coolant temperature data stored 
; the computer. 


An analog system? was used to compute the 
afety margin from burnout in a special high- 
ux core [>4.3 x 10 neutrons/(cm’)(sec) ] in 
1e of the D,O-cooled and -moderated produc- 
on reactors at the Savannah River Plant. The 
ywer density of greater than 130 kw per gram 
f 235U was controlled with the aid of a direct- 
gading analog-computer circuit that displayed 
e safety factor against burnout of the fuel 
arface within an accuracy of 5%. The circuit 
3>mpares the operating heat flux [~ 2.5 x 108 
tu/(hr)(sq ft)] to the heat flux at burnout as 
efined by the correlation 


HF, = 463,000(1 + 0.04V)[1 + 0.0167(7,— 7,)] 


there HF, = heat flux at burnout in British 

thermal units per hour per square 
foot 

V = coolant velocity in feet per second 

T, = coolant saturation temperature in 
degrees Fahrenheit 

T, = coolant bulk temperature in de- 
grees Fahrenheit 


For the burnout safety factor, the computer 
ircuit solves the simplified equation 


where $, = relative power intensity measured 
by gamma-flux monitors at five 
vertical locations (x) equally spaced 
along the fuel surface 
$, = 0 for convenience of notation 
C, to Cs = constants for fuel design, pressure, 
and velocity 
AT = coolant temperature rise 


For more information on control experience 
discussed at the same ANS me ting, see the 
article that begins on page 271. 
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Power Reactor Technology 


Highlights of the 8th 
National Heat Transfer 
Conference 


By David Miller 


Many papers of fundamental and appliedinterest 
for reactor technology were presented and dis- 
cussed at the 8th National Heat Transfer Con- 
ference, Los Angeles, Aug. 9—11, 1965, which 
was jointly sponsored by the American Institute 
of Chemical Engineers and the American So- 
ciety of Mechanical Engineers. Although many 
of the studies were sponsored by the U. S. 
Atomic Energy Commission (AEC) and have 
been published in project reports, most were 
being reported for the first time. 

Topics discussed ranged from applications 
such as heat exchangers, packed beds, desalin- 
ization, and loss-of-coolant accidents in reac- 
tors to more fundamental studies of boiling and 
condensation, two-phase flow and pressure drop, 
and radiation and thermophysical properties. 


Boiling and Two-Phase Flow 


Boiling, two-phase flow, and stability re- 
ceived a major share of attention. In particular, 
studies of critical heat flux are of interest to 
reactor designers. !~8 

Pertinent to the design of a greater than 
600-psia forced-convection water-reactor sys- 
tem is a study in which the coolant entered 
cylindrical test sections of 0.1- and 0.2-in. 
inside diameters as a subcooled liquid and dur- 
ing certain tests left as superheated steam.’ 
Emphasis was placed on the region with wall 
temperature higher than that corresponding to 
the critical heat flux where the surface tem- 
perature oscillations were not large; this re- 
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gion is often called the transition or part 
film-boiling region. Experiments covered = 
pressure range 2420 to 3120 psia, mass fl>: 
of 0.5 to 2.5 x 10® lb/(hr)(sq ft), heat fluxes 
0.1 to 0.65 x 10 Btu/(hr) (sq ft), and exit qui- 
ties of 7 to 100%. These data were combi. 
with other data’ that extended down to 580 ::. 
to obtain the equation 


0.80 1.23 0. 68 on 
(12) oono (2 "(GH e "(ep 
k Js H 7f k l; XD p 

for flows of greater than or equal to 0.8.: 
lb/(hr)(sq ft) over the range 580 to 3190 p= 
for steam qualities as high as 100%. This c::- 
relation has a 20 probability limit of -12 
Density was calculated with a void-fract=<- 
weighted sum of the gas and liquid densities: - 
homogeneous model was used to calculate t+ 
void fraction. This study showed that the t%:- 
phase entrance length and the length-to-diarmt- 
ter ratio have an important effect on heat trar: 
fer. Thermodynamic nonequilibrium found + 
low flows [0.5 x 105 1b/(hr)(sq ft)) was attrż- 
uted to unevaporated water droplets pass-: 
through the test section; low-flow-rate 42% 
were not included in the correlation. The maz- 
mum heat-transfer coefficient after the crt - 
heat flux occurred near or at 100% quality. 


For a fog-cooled reactor concept, the “dr- 
out” heat flux (a term used to describe tz 
critical or burnout heat flux at high ste 
qualities) was measured at mass velocities i 
0.5 to 1.4 x 10° lb/(hr) (sq ft) and outlet qualites 
in the 38 to 78% range.* For two-phase in: 
conditions, dry-out behavior of geometries sız- 
ulating reactor fuels was investigated wt 
(1) angular misalignment of 0 to 60° berec, 
an unheated bundle upstream of the 19.25-r. ` 
long heated bundle, (2) two bundle end geoz:- 
tries (CANDU-reactor type and flat-end), i- 
(3) bundle-mounted stripping rings intends: 
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emove the parasitic water film from the un- 
eated flow tube and redistribute it to the 
eated rods. All experiments were for a 19-rod 
undle cooled by steam-—water fog at 515 psia. 
ngular misalignment reduced the dry-out heat 
ux on some surfaces (usually inner elements) 
y as much as 20% but increased it on others 
1sually outer elements) by up to 70%. Stripping 
ings raised the dry-out heat flux by upto 100%. 


The effects of upstream compressibility on 
ubcooled critical heat flux were investigated.‘ 
Toderate upstream volumes of subcooled water 
vere shown to have sufficient compressibility 
2 promote oscillatory behavior, which greatly 
educes the subcooled critical heat flux for a 
ingle channel. This oscillatory instability can 
e avoided only by operation to the right of the 
1inimum in the overall pressure drop—flow 
urve characteristic of the heated section. 
Jsually a flow restriction at the inlet of the 
ieated section is needed to alter the over- 
11 characteristic so that stable critical heat 
luxes can be obtained. 

Although inlet-fitting losses make some sys- 
ems inherently stable, it usually is necessary 
O provide another restriction at the heated- 
‘ection inlet. The necessary throttling at the 
nlet can be estimated readily from 


d(AP)-rs m 


Ow ° 


where (A Pìrs is the pressure drop across the 
est section in pounds per square inch] if the 
1eated-section hydraulic characteristics are 
cnown. 


The influence of axially nonuniform heat 
luxes on the departure from nucleate boiling 
DNB) was studied.’ Heat-flux distributions 
studied are shown in Fig. IV-1. For a limited 
range of parameters, the results are given in 
the form of a correction factor 


C 
QDNB,local * 1 — exp (—C Lp ) 


x jJ e q’’(z) exp [—C(LpNB —2)4,] 
0 


F= 


Here C is a coefficient defined as h/pusc,. Be- 
cause the components of C are not known well 
enough to permit analytical evaluation, C was 
correlated by the equation 


C = 0.44 (1 = xon) /(10 6 G)} P in.” 
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Fig. IV-1 Four shapes of heat-flux distributions 
were considered in studying how axially nonuniform 
heat fluxes influence the departure from nucleate 
boiling.’ 


Pool -boiling critical heat flux was studied by 
various investigators.!»5»®8 Saturated pool boil- 
ing on horizontal wire heaters of 0.0025 to 
0.254-in. radii was measured! over a reduced- 
pressure (pressure divided by critical pres- 
sure) range of 0.0010 to 0.0197. The peak and 
minimum boiling heat fluxes were correlated 
with pressure and heater configuration (hori- 
zontal and vertical wires and flat horizontal 
plates) for five fluids: methanol, isopropanol, 
acetone, benzene, and water. All data can be 
represented by a single three-dimensional sur- 
face that is the product of a function of geo- 
metrical scale and a function of pressure. The 
function of pressure appears to be the same in 
any configuration. The effect of radius on 
critical heat flux for small wires at low pres- 
sures is Significant and complex. 

Experimental and analytical investigations 
of critical heat flux in pool boiling show that 
the addition of small amounts of calcium sul- 
fate to distilled and deionized water allows 
increased boiling heat fluxes from Stainless- 
steel heaters.’ For a ‘/,-in. cylindrical stain- 
less-steel heater coated with calcium sulfate, 
the critical heat flux was increased by 35%. 
Pool-boiling tests in water, with a porous 
graphite heater having air flow through its wall, 
decreased critical heat flux by 37% over the 
same heater with no air flow. If it is assumed 
that departure from nucleate to film boiling 
occurs when the heater surface becomes non- 
wetting at a temperature equal to the maximum 
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possible superheat for the liquid, it is possible 
to postulate a critical-heat-flux equation forthe 
special case of a small-diameter heater. Sig- 
nificant variation in the critical heat flux with 
heater properties is predicted by this equation, 
which contains several coefficients that must 
be determined experimentally. 

When the effects of thermal conduction on 
the critical heat flux and pool boiling were 
measured, the critical heat flux of propanol 
that was boiling at atmospheric pressure on 
heater strips mounted horizontally in a satu- 
rated pool was seen to increase by a factor of 
2 as the element conductance parameter, kt 
(which is the thermal conductivity times “effec- 
tive” thickness of heater), increased in the 
range of 4.5 to 1680 x 107 watts/°C. A pro- 
posed analytical model qualitatively predicts 
these trends but does not agree quantitatively 
with the experimental data. The authors con- 
clude that the prime reason that thin heat- 
transfer elements have lower critical heat 
fluxes is lower conductance and not lower heat 
capacity. 

Designers concerned with space power units, 
fast reactor safety, and advanced reactor tech- 
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nology will be interested in studies of the crit- 
cal heat flux for boiling liquid-metal systems. 
Eighteen critical-heat-flux experimental dat. 
points were presented: two for sodium, eigt: 
for rubidium, and eight for water, all takenr 
the same apparatus. A correlation that repre- 
sents 60 data points also includes data of oth: 
investigators for sodium and potassium, froz 
it results the nondimensional equation 


q.'Cy g = -8 PL 0.11 
[ aip, k ) = 1.18 x 10 (š 


where all values are at saturation conditions. 
This expression was modified by introduc:-. 
the Prandtl number to the 0.71 power to inclu:- 
both metallic and nonmetallic data in a Sinz: 
dimensionless correlation 


"C, p, — p, \ %8 
k , ) Pr" = 1.02 x 1078 (+5) 
A p, k P, 








that is recommended for predicting the critice 
heat flux over a range of Prandtl numbers fr:= 
0.004 to 11; this correlation is shown in F:; 
IV-2. 
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Fig. IV-2 Critical heat flux (az) for various metallic and nonmetallic boiling fluids can be deter- 
mined by means of a single dimensionless correlation.® 
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The boiling behavior of metallic liquids was 
so investigated !°— How boiler surfaces 
‘anging from highly polished mirror finishes to 
oarse, porous coatings affect nucleate pool 
oiling of sodium was studied.’? Heat fluxes as 
igh as 236,000 Btu/(hr)(sq ft) were attained at 
ressures below 1 atm with sodium at 1200 to 
500°F. The qualitative effects of roughness, 
ging, and hysteresis were determined. For 
‘eproducible data to be obtained, it was essen- 
ial to employ uniform cleaning and filling 
rocedures. Incipient nucleate-boiling heat flux 
S. wall superheat were discussed, as were the 
ffects of pressure and pool depth on the 
ucleate-boiling curve. The surface roughness 
nd past history were found to affect signifi- 
antly the incipient boiling, the nucleate-boiling 
rall superheat, and the slope of the boiling 
urve of sodium. The wall superheat required 
) initiate sodium nucleate boiling is signifi- 
antly greater (at least a factor of 5) than that 
equired to sustain it. Natural convection for a 
orizontal disk in pool boiling, particularly at 
>w boiling heat fluxes, may appreciably in- 
uence sodium heat transfer. Clearly, nucleate- 
diling heat-transfer data cannot be correlated 
ithout including the effect of surface condi- 
ons. 

In a companion theoretical study of nucleate- 
diling instability for alkali metals, a simplified 
1eoretical model for bubble nucleation stability 
as proposed and an approximate stability cri- 
‘rion was developed.'® This criterion contains 
9th fluid and surface properties and predicts 
iat nucleation for sodium should be unstable. 
‘easurements of the effects of surface mate- 
al and its chemical treatment, heat flux and 
ivity geometry on nucleation stability agreed 
ith theoretical predictions. The Stability cri- 
rion developed from an analysis of the bubble 
icleation and dynamics is unique in that it in- 
udes the thermal properties of the surface, 
e cavity geometry, and the wetting behavior 

the fluid. Inertial effects have been omitted. 
nly double reentrant type cavities appeared to 
» effective in maintaining nucleation stability 

sodium. Thus an artificial nucleating site 
uch as a doubly reentrant type cavity, a patch 

porous plate or porous weld, or a “hot 
wer’) might be used to maintain stability in 
kali-metal boilers. 
A transient-quenching method of determining 
e critical heat flux and heat-transfer coeffi- 
ents in film- and nucleate-boiling magnesium 
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was presented.'! A tungsten sphere, instru- 
mented with thermocouples, was heated to 
3100°R and then quenched in a boiling pool. As 
the sphere cools, its surface temperature and 
heat flux follow the boiling curve for the liquid 
metal being studied. Critical heat flux and heat- 
transfer coefficients in the transition- and 
nucleate-boiling regimes for subcooled (265 °F) 
pool-boiling magnesium are included. Analyti- 
cal predictions of the critical heat flux, how- 
ever, were a factor of 5 to 10 higher. It was 
hypothesized that the low measured value of 
critical heat flux of magnesium was caused by 
the lack of wetting of the tungsten sphere by 
the magnesium during transition boiling. 


Stability of Flow 
in Heated Channels 


The interaction between hydrodynamics and 
heat transfer was studied analytically’? and 
experimentally.'4 A very restrictive set of 
assumptions was applied in a theoretical calcu- 
lation of the dynamic stability of flow oscilla- 
tions in a heated channel.'* The stability of this 
channel was investigated by applying the Hur- 
witz criterion after a perturbation solution of 
the usual equations. The resulting third-order 
characteristic equation shows that, under cer- 
tain operating conditions, there exists both 
upper and lower stability bounds on the stability 
map. The analysis was applied to correlate 
experimental data of other investigators and to 
Study the effects of various system parameters 
on system stability. The trends predicted agree 
with the limited range of experimental condi- 
tions (five points for two pressures by one 
investigator) for which the comparison was at- 
tempted. 

Flow stability in multitube forced-convection 
vaporizers was investigated with a transparent 
closed test loop having Freon-113 as the test 
fluid.’ Dimensionless simulation criteria were 
defined on the basis of the significant parame- 
ters determined from a literature survey. 
Conclusions and discussions are based on the 
measured data and high-speed photographs of 
two-phase flow in a five-tube boiler whose 
tubes had twisted-tape inserts. Stable flow was 
achieved by inserting an orifice at the entrance 
of each boiler tube to give pressure drops 
between 20 and 160% of the two-phase pressure 
drop. The importance of visual observations 
was stressed. 
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Theoreticol Boiling Studies 


Reactor designers will be interested in the- 
oretical studies of boiling phenomena, including 
film boiling and bubble formation in nucleate 
boiling. 


Film boiling was explored by several in- 
vestigators.5-18 The relation between bubble 
diameter and frequency of removal from a 
heated sphere during film boiling in saturated 
liquid nitrogen was studied,'® as was the Leiden- 
frost phenomenon of film boiling of drops ona 
hot surface.’* The vibrations and breakup of 
such a drop corresponded to those calculated 
from spherical-shell theory.! An analytical 
model for boiling heat transfer to waterdrops 
on a flat-plate-covered heat transfer to the 
waterdrop, heat transfer from the plate, and 
the heat-transfer coefficient for the special 
case where radiation can be neglected.” The 
effect of film boiling for large drops was mea- 
sured experimentally and compared to theo- 
retical analyses.'® The maximum drop diame- 
ter and the minimum temperature difference 
for stable film boiling were predicted by sta- 
bility considerations—similar methods have 
been suggested for nucleate boiling. These 
studies may be useful to estimate fuel-element 
cooling time after a reactor accident. 


Bubble phenomena relevant to nucleate-boil- 
ing heat transfer were discussed.'®~*' The 
delay time, growth rate, contact diameter, and 
bubble size and shape at departure are inter- 
related.!? A longer delay brings about faster 
growth, a larger contact diameter, and a bigger 
bubble at departure. Spherical bubbles have 
little or no delay time, slow growth, little 
contact area, and small size at departure; 
hemispherical bubbles have a long delay time, 
very fast growth, a large contact area, and a 
very large bubble volume at departure; oblate 
bubbles have intermediate values for all these 
factors. 

Bubble shapes apparently can be explained in 
terms of inertial and surface-tension forces. 
For spherical bubbles, the surface-tension force 
is always greater than the inertial force, but 
for hemispherical bubbles the inertial force is 
dominant. For oblate bubbles, either can be 
dominant. Bubble departure diameters, depar- 
ture velocities, and contact angles were mea- 
sured by means of high-speed motion pictures 
of steady-state boiling.’ A zirconium-ribbon 
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heater insulated at its undersurface and ed::: 
was immersed in a pool of the liquid ma:- 
tained at saturation temperature. Data !:: 
various liquids at subatmospheric pressu:: 
were represented by 


0.5 Ro 
D, = 0.0288 || |: + 0.0025 (Z) 
Mixtures are of interest for increasing boul: 
heat transfer and for determining the relat-- 
importance of thermal and diffusional res:s- 
tances in the growth and formation of a bubt:: 
Bubble growth rates were given for two mui- 
tures.?! 


Condensation 


Studies of condensation are of interest í:- 
the design of reactor equipment and, ad: 
tionally, represent a phase change that is t. 
inverse of boiling. 


Laminar film condensation in two-pba: 
channel flow was investigated in an analyt: 
study that includes the interaction between t: 
vapor and liquid interfaces and that proposes - 
dimensionless criterion for neglecting iner- 
and convection effects in the condensate film.” 
A relation was derived with the use of a uwur- 
versal velocity profile for predicting condet- 
sate-film heat-transfer coefficients for vario-: 
surface-roughness heights.°° Two regions we:: 
found—an upper limit corresponding to fu 
developed rough flow and a lower limit corre- 
sponding to hydraulically smooth flow. Sor: 
experimental data on the condensation of wa::: 
gave results that fall between these two bour:- 
aries. 


Film condensation of metal vapors has shot 
consistently lower heat-transfer coefficiens 
than predicted from Nusselt’s classical he 
ory’4 or from more recent modifications of tut 
theory. Kinetic-theory calculations to reson 
this discrepancy between theory and expert 
ment show that a significant thermal resistaree 
can exist at the liquid— vapor interface of lq: 
metals.” This resistance increases with : 
creasing vapor pressure and depends on: 
value of an accommodation coefficient, nar 
the “condensation coefficient.” Experiment: 
verify this liquid—vapor interfacial-resistz 
hypothesis used mercury condensing on a tr 
tical nickel surface at low pressures in' 
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osence of noncondensable gases. Because the 
ondensation coefficient is a function of the 
tate of the liquid surface, it is probably in- 
uenced by contamination in the experimental 
ystem and may vary with vapor pressure and 
2>mperature. Calculations for condensing met- 
Is at pressures significantly less than 1 atm 
hould include the condensation coefficient. In 
ractice, particular attention must also be 
aid to the presence of noncondensable gases 
1 experiments and in operating equipment. 


In certain cryogenic applications, heat ex- 
hange between condensing and boiling streams 
s limited by the condensing-side heat-transfer 
erformance. This occurs primarily at high 
ieat fluxes because condensing coefficients 
crease with increasing heat flux. The Nus- 
elt equation for film type condensation on a 
orizontal tube suggests that the coefficient 
ncreases in a multi-g acceleration field. More 
mprovement would be expected if the resis- 
ance of the condensate layer to heat flow were 
‘educed by a thin porous coating on the con- 
lensing surface. Results of condensation ex- 
,eriments in smooth and porous coated tubes 
inder acceleration agree with the theory. At 
he highest test acceleration of 325 g’s, the 
‘ondensing coefficient improved by a factor of 
ıt least 4.25 over that for 1 g with the same 
emperature driving force. At heat fluxes 
rreater than 10,000 Btu/(hr)(sq ft), experi- 
nental coefficients were better than theory 
yredicted; this was attributed to rippling of 
he condensate film with consequent enhance- 
nent of the heat-transfer coefficient. At 
325 g’s and with a heat flux of 20,000 Btu/ 
hr) (sq ft), condensation on a porous aluminum 
surface was 4.5 times better than on a smooth 
surface. Therefore the combined improvement 
»ver a smooth tube at 1 g was a factor of 19.1. 

Experiments showed that radially grooved 
rotating disks reduced the condensing film 
resistance by some 65% but improved the rate 
>f heat transfer through the disks by only 12 to 
14%. In these experiments only a relatively 
small amount of the feed was evaporated, and 
thus most of the resistance to heat transfer 
was on the evaporating side.” 


Dropwise condensation was discussed by 
Westwater in an invited lecture and in his 
papers, *8.22 which showed renewed interest in 
this method of improving condensing heat trans- 
fer. Dropwise condensation of water was shown 
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to occur at active nucleation sites (and there- 
fore should be termed nucleate condensation) 
whose number depends on the surface prepara- 
tion and its subcooling. The heat flux may 
be greater than, less than, or equal to that for 
filmwise condensation at the same temperature 
difference, depending on the active-site popula- 
tion. Exact calculation of the heat flux requires 
an involved iterative technique to account for 
the nucleation, growth, and coalescenceof every 
drop. The functional relation between the tem- 
perature difference and active-site population 
is unknown for any surface. Oleic acid’? pro- 
moted dropwise condensation of ethylene glycol 
On a copper condenser when the surface was 
cooler than 290°F. Correlation of data over a 
wide range of variables was achieved through 
modification of an Isachenko” equation to 


Nu = 1.46 x 107% (Re*) I-I 16 Pr” 
where 
Re* = k, AT/u,d Il, = 2g.o(do/aT) T, /Jrue 
and 
Pr = (C,u/b), 


This study also indicates there may be as 
many as 7 million active nucleation sites per 
square inch during dropwise condensation. A 
drop may experience an estimated 400,000 
coalescences in reaching its final size. Thus 
the liquid-film fracture theory of dropwise 
condensation is rejected. 


Two-Phase Pressure Drop 


Reactor thermal and safety analyses fre- 
quently involved predictions of the properties 
of two-phase fluids. That interest in this sub- 
ject continues strong was evidenced by seven 
papers.*! -37 Two-phase frictional pressure drop 
was correlated on the basis of data for mer- 
cury—nitrogen, water—air, and three sets of 
data for steam.’ The ratio of two-phase to 
all-liquid pressure-drop gradient was expressed 
as 


2 _ (AP/SL)tP 
Lo (AP/AL),. 


where the subscript 0 stands for total mass 
flow rate. The relation between this two-phase 
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multiplier and the Lockhart- Martinelli?’ cor- 
relation 


° _ (AP/AL)TP 
L (AP/AL), 


is given by 


di, = P — x)!" 


where x, the quality, is the ratio of gas (or 
vapor) mass flow rate to total flow rate, for 
both single- and two-component flow. The cor- 
relation consists in a plot of the two-phase 
multiplier as a function of the property index, 
(ur /uz) "2 / (p. /p,), with quality as a parameter 
for mass velocities from 0.25 to 3 x 108 
Ib/(hr)(sq ft). This correlation was based on 
129 experimental points and the mass-flow- 
rate data of Sher and Green?’ for 2000-psia 
steam. The latter set of curves shows a rather 
unusual behavior and cannot be represented by 
any analytical expression. 

Experimental pressure-drop and void-frac- 
tion data are compared with this correlation for 
water —air, kerosene—air, diesel oil—air, NaK— 
nitrogen, potassium (in a horizontal serpentine 
and an annulus with a helical tape), and steam. 
No effort was made to include the effect of 
changing flow patterns in the correlation. How- 
ever, because the two-phase multiplier ratio 
may both increase and decrease at a given 
mass velocity and quality as the property index 
increases, this unusual aspect of the correla- 
tion may implicitly include the effects of flow- 
pattern changes. Application of the correlation 
to data on boiling potassium required the use 
of a previous correlation to predict liquid 
fraction. 


Bubbling mixtures in turbulent flow within a 
vertical plexiglass tube were used in an ex- 
periment that included analyses and separate 
measurements of frictional, hydrostatic, and 
momentum pressure drops.* Calculational pro- 
cedures are suggested. The authors found the 
Simplest correlation for bubbling-flow wall 
Shear stress is obtained when a Reynolds 
number and friction factor are defined by use 
of the actual mixture velocity and density along 
with the liquid viscosity. The resulting friction 
factors are then approximately 10% above the 
Moody smooth-pipe friction factor. Momentum 
fluxes in bubbling flow were found to be not 
necessarily bounded by the homogeneous and 
separated flow models. The momentum fluxes 
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were found to be better correlated by c- 
separated model but would always be 5 to š: 
larger than predicted by that model. 

When the void fraction was less than 25 
bubbles formed at the wall diffused only slov: 
toward the center, giving rise to slip rat: 
less than 1. This behavior is characterized :: 
“developing flow”; however, the length rs- 
quired for fully developed flow is not know. 
Photographs helped define a map of the bouri- 
ary between bubbly flow and unsteady exit fl: 
on the coordinates of superficial liquid veloc: 
vs. superficial gas velocity. For large vii-- 
metric flow concentrations, the void fract.: 
approaches the slug-flow limit. 


The transition from the slug-annular to tw- 
phase flow was studied with an electricz- 
conductivity probe.* The purpose of this stu: 
was to identify the flow pattern for correl- 
tions of pressure drop and heat transfer. :.- 
multaneous void measurements indicate thatt« 
transition occurs when the void fraction is k- 


tween 80 and 90%. For superficial liquid v£ 


locities greater than about 1 ft/sec, the mas: 
quality at transition is a constant that depen: 
only on pressure. For low superficial liq:. 
velocities, transition occurs at a superfic:. 
gas velocity that depends on pipe diameter | 
When the liquid flow is small, transition : 
unaffected by a reduction in liquid surfa:- 
tension or the effects of liquid impurities. Ti: 
liquid viscosity does not significantly affect tt: 
transition line. 

During the discussion of this paper, it wx 
mentioned that substantial subcooling eliminate: 
Slug flow to give transition directly fro 
bubbly to annular flow. As an alternate to t: 
electrical-conductivity probe, a study of t> 
power spectral density of pressure fluctuato: 
at the wall was suggested for determining t: 
flow regime. 


Void fractions in a developing two-phase Íl: 
system with flowing and nonflowing liquid phase: 
were investigated for steam—water mixtur:: 
flowing vertically in a large unheated duct ov: 
a wide range of flow conditions.** The scope 
the experiment covered superficial liquid v£ 
locities of 0 to 20 ft/sec and pressures of $- 
to 1500 psig. A gamma attenuation system w« | 
used to measure chordal void fractions, wh: 
were integrated to give an average. Also.. 
manometer technique was evaluated for giv 
the average void fraction. 
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Void distributions obtained with the variable- 
ensity model of Bankoff*! (this reference was 
icorrectly cited in the paper) were compared 
ith those from the film—exponential model. 
he latter model assumes a thin film of liquid 
t the wall. The average void fractions were 
ompared with slip-ratio correlations of Mar- 
haterre and Hoglund* and the kinematic-wave 
10del of Zuber and Findlay.** In the discussion 
f this paper, the question of flow development 
‘as raised again. For an explanation of the 
lip ratios of less than 1, it is necessary to 
ssume that the vapor was near the wall where 
elocity is least. Experimentally it was found, 
owever, that there was liquid at the wall. It 
ras also pointed out that equations for two- 
hase flow should include the dependence be- 
ween velocity and void profiles. Fluctuations 
n velocity and density give rise to terms 
imilar to the Reynolds stresses in turbulence 
neory. 

The phase velocities in boiling flow systems 
re given by their relation for minimum voids 
n terms of phase densities and parameters 
‘elated to the velocity distribution by use ofa 
otal energy balance.*! The correlating interval 
which is a function of the quality and the vapor- 
ind liquid-phase viscosities and densities) was 
lerived from diffusion theory. A simple rela- 
ion was obtained between quality, vapor frac- 
ion, and power input per unit flow volume in 


he test section. Qualitative predictions of void `: 


rariation with heat flux and hydraulic diameter 
vere said to agree with data from the literature. 
n the discussion of this paper, it was pointed 
ut that application of minimization principles 
vithout rigorous justification could lead to 
serious errors. Kinetic-energy distribution fac- 
ors dependent on velocity distributions were 
ntroduced in this model; they varied from 0.5 
o 1, and the variation depended on whether the 
low was laminar or fully turbulent. If the flow 
yattern in each of the phases cannot be speci- 
ied, these constants may only serve to curve- 
it the data. 


Sudden contraction in two-phase flow in round 
ipes caused pressure drops that were mea- 
sured and reported as functions of System pres- 
sure, flowing-mixture quality, contraction-area 
ratio, and mass velocity.” No void measure- 
ments were made, and water at saturation 
pressures of 200 to 500 psia was the only fluid 
studied. Pressure drop caused by the contrac- 
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tion was correlated in terms of a contraction 
coefficient that was independent of mass ve- 
locity over the range of conditions studied. 
The homogeneous model gave the best corre- 
lation of the data, but it was about 20% high, 
supposedly because of a large amount of mixing 
in the reexpansion after the vena contracta. 


Two -phase heat transfer was simulated by 
the bubbling of air through the wall of a porous 
heated tube into water and into ethylene glycol 
flowing upward at room temperature and atmo- 
spheric pressure.’ A simplified superposition 
type model based on microconvection, vapor — 
liquid exchange, and “convection-area-reduc- 
tion” mechanisms was found to predict the 
trends of the air bubbling rate on heat transfer. 
Heat transfer increases over that of pure 
forced convection at low and moderate bubbling 
rates compared favorably with those caused by 
pool nucleate boiling when convective heat- 
transfer rates were relatively low. Photo- 
graphs of pool boiling and air bubbling from 
identical tubes in a tank of Freon-11 showed 
qualitatively that bubble diameters and flow 
formations were similar in both processes. 
The result of this theory suggests that the 
enhancement in heat transfer and boiling could 
be considered as hydrodynamic in nature, thus 
making latent-heat transport unimportant as a 
heat-transfer mechanism. 


Heat Exchangers 


A lively commercial and technical interest in 
heat-exchanger design and operation is indi- 
cated by the large number of relevant papers 
that were presented. 


Experimental heat-transfer coefficients were 
presented“! for in-line, turbulent flow of NaK 
along the surface of an unbaffled bundle of 
nineteen ‘4-in.-diameter rods arranged on an 
equilateral triangular pattern with a pitch-to- 
diameter ratio of 1.75. The shell and all rods 
in the bundle were heated electrically to pro- 
vide equal and uniform heat fluxes of 18,000 to 
30,000 Btu/(hr)(sq ft) throughout the bundle. 
Tests covered conditions of fully established 
velocity and temperature profiles and also 
Conditions where entrance effects were im- 
portant. These results agreed with theoretical 
predictions and earlier similar experiments 
with mercury except at very low flow rates 
corresponding to Peclet numbers less than 
500. It was hypothesized. that (the, low, heat- 
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transfer coefficient (~10% below theory) was 
caused by gas collection and incomplete wetting 
at the heated surface. 

An analytical study of the wall and fluid 
temperature field in a counterflow heat ex- 
changer includes the effects of longitudinal con- 
duction in the wall and unbalanced flow.“ In 
addition to the general solution, balanced flow 
and insulated boundary conditions are con- 
sidered. Longitudinal conduction in the wall 
separating the fluids distorts the temperature- 
distribution curves for both streams and pro- 
duces a larger temperature difference at the 
ends; the minimum difference is at some point 
between the ends. With these exact solutions 
and the temperature-distribution plots, it is 
possible to determine how thermal performance 
is affected at low flow rates. ° 


The effectiveness (the ratio of the enthalpy 
actually transferred to the maximum possible) 
and temperature difference of the unmixed 
fluid in “split cross-flow” heat exchangers were 
determined analytically.“ Of particular interest 
is the “split—mixed crisscrossed—unmixed”’ 
heat exchanger, which provides the most uni- 
form exit temperature distribution of the un- 
mixed fluid among the simple-configuration 
cross-flow heat exchangers (Fig. IV-3). Effec- 
tiveness and temperature distribution are com- 
pared with conventional cross-flow heat ex- 
changers. Heat exchangers with one shell pass 
and n tube passes, where n is an even number, 
are often referred to as l-n exchangers. A 
generalized equation*’ has been derived for the 
effectiveness, €, of l-n exchangers in terms 
of the capacity-rate ratio, R, and number of 
transfer units, NTU. Values of e at small in- 
tervals of R and NTU are tabulated for the 1-2 
exchanger together with correction factors to 
give e for each l-n exchanger through n = 12. 
Deviations from 1-2 exchanger effectiveness 
increase with n and NTU. Thus, in addition to 
the significant effect that these deviations have 
on thermal stability and control of exchangers, 
the correction factor is particularly important 
in the design and selection of large heat ex- 
changers whose purpose is the economic re- 
covery of heat from a fluid. Because economic 
evaluations of such exchangers often involve 
the difference between two large numbers, the 
accuracy of the deviations and correction fac- 
tors is an essential factor. The use of analog 
and digital computers to design plate type 
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Split-mixed crisscrossed-unmixed flow 


Fig. IV-3 Schematic of flows in split cross-flox : - 
exchangers within cylindrical envelopes. 


exchangers by the €—NTU method was + 
scribed.“* The techniques were outlined - 
detail, and some results were given. 


Finned tube heat-exchanger design data £ 
procedures were given in seven papers.” 
Pressure drop of air flowing across triangul: 
pitch banks of finned tubes is correlated m t 
form of a friction factor as a function c: 
Reynolds number and a pitch-to-diame:: 
ratio.“ Measurements are reported of conte: 
tive heat transfer and flow friction for r 
pin—fin surfaces with square spacing òi- 
3, and 4 times the fin diameter and with p 
spacing of 4, 8, and 12 times the diameté’ 
Vibration was found to be important, an - 
tense noise occurred at certain flow vek- 
ties because of vortex shedding, which z- 
have been coupled with a natural frequen: . 
the heat exchanger. Vibrations increased - 
friction factor but did not significantly 45- 
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heat transfer. Natural frequencies of the 
tt exchangers may be either acoustical or 
chanical. Free-convection heat transfer to 
new type of extended surface covered with 
vS of finned pins was studied.®! With an 
>rage temperature excess of 200°F at the 
yts of the pins, the rate of heat transfer from 
>h an extended surface was 475% higher 
in that from the basic surface without the 
ned pins. 
The problem of optimizing finned geometry 
maximize free-convection heat transfer in 
at atmospheric pressure, taking into ac- 
unt nonuniform fin temperatures, was in- 
stigated‘® by introducing the fin effectiveness 
‘© the Elenbaas®® solution for uniform fin 
nperature. This yields an optimum fin spac- 
zy for the nonuniform case, together with 
timum values for fin thickness and tube 
ameter for a tube with square fins. A theo- 
tical analysis of optimization of parabolic- 
aped fins considers the combined effect of 
nduction, radiation, and solar irradiation.*” 
1e governing differential equation is reduced 
an equivalent double-integral equation that 
elds the relation between the finned geometry 
id weight parameters. The resulting geometry 
least mass is plotted as a function of the 
mensionless irradiation parameter and the 
ructure-to-weight ratio (total weight to the 
2ight of the fins). 
A novel lightweight heat-rejection system for 
por was reported.” It uses cooling fins made 
` plastic film to condense the vapor coolant 
r a portable direct-conversion energy sys- 
m. The plastic film can accommodate changes 
. heat input by changing shape or by partially 
yllapsing. The durability and long-term per- 
rmance of finned tubes under steady-state 
id thermal-cycling conditions were evaluated 
7 means of tests on both extruded-fin tubes 
id tension-wound-fin tubes (in each specimen 
e fin and tube were of different metals).°° 
ingle-tube heat-transfer and strain-gauge tests 
ere run both at the original contact pressures 
1d at the isothermal tube-wall temperatures 
t which the fin-to-tube contact was lost. 


A dynamic analysis was made ofa concentric- 
ibe heat exchanger with a time-varying flow 
s the forcing function." The mathematical 
odel agrees well with experiments for step, 
quare wave, and sinusoidal changes in the 
ibe flow rate. Errors introduced by lineariza- 


tion of the equations were investigated to deter- 
mine the accuracy of the approximation. 


Two novel heat-exchange devices were re- 
ported.8,59 The Spiralator uses a rotating 
twisted tape to scrape the interior wall of tubes 
containing viscous or fouling liquids.®® Small- 
diameter flexible-tube Teflon* heat exchangers 
offer high corrosion resistance, smooth slip- 
pery surface, tube flexibility, and inertness.*? 
The favorable nucleation charcteristics of 
Teflon for boiling and condensation and the 
fact that about 200 sq ft of surface area per 
cubic foot of shell volume can be built into a 
small tube exchanger stimulate interest in this 
new development. The higher thermal resis- 
tance of the Teflon wall can be offset by the 
lack of fouling for crystalline deposits and the 
versatility of its use. 


Packed Beds 


Relevant to some advanced reactor concepts 
are several papers on packed-bed heat transfer 
and pressure drop. Heat-transfer and pressure- 
loss characteristics of glass -ceramic matrices 
for regenerative heat exchangers were mea- 
sured.” The steady-state axial temperature 
distributions in moving-bed fluid-to-particle 
heat exchange was determined analytically for 
a vertical duct of constant area in cocurrent 
and countercurrent flow. If the regeneration 
principle is used, the distance over which the 
gas and solid temperatures are different and 
heat is transferred can be predicted. The small 
value of the effective length indicates that such 
a fluid-to-particle heat exchanger would be 
very compact. An analysis of unsteady-state 
heat transfer to a fluid flowing through porous 
heated solids provides solutions for both solid 
and fluid temperatures, some of which were 
verified experimentally.“ Theory and experi- 
ments were reported for the heat-transfer 
and flow-friction characteristics of air-cooled 
matrices of high porosity that were heated 
by radiation which gives an exponential heat 
source. A transient solution of simultaneous 
convection and radiation heat-transfer equa- 
tions, when used with experimental data taken 
in the steady state, gave volumetric heat- 
transfer coefficients for convection only in 
the matrices. Correlations were obtained with 


*Trademarked name for Du Pont fluorocarbon 


resin copolymer. 
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Reynolds numbers, based on a characteristic 
length obtained by equating pressure drop to 
the sum of viscous and inertial resistance 
terms. A related but more theoretical paper 
reported a study of the time-dependent tem- 
perature distribution for incompressible flow 
past a sphere.“ A numerical solution of the 
diffusion equation showed that the temperature 
gradients at a spherical surface, as well as 
the time required to approach steady state, 
depend markedly on the value of the Peclet 
number. 


Desalinization 


The possibilities of the desalting of seawater 
as an auxiliary process while generating power 
in a dual-purpose nuclear plant have been 
receiving considerable attention from reactor 
designers. The interest in such technology is 
indicated by the six papers presented on this 
subject. -1° The thickness of a laminar liquid 
film draining from a vertical wall can be found 
analytically for the case of a constant evapora- 
tion rate from the surface of the film.© Tran- 
sient as well as steady-state expressions are 
found that show the location where the film 
vanishes, the rate of evaporation, and the total 
mass evaporated. 

The U. S. Department of the Interior’s Plant 
No. 1 at Freeport, Tex., for desalting seawater 
by the falling-film distillation process was 
described thoroughly. Reference 70 gives a 
description of the process, analysis of pilot- 
plant data and a report on evaporator per- 
formance. An alternate method of heat transfer 
in desalinization involves a multiphase ex- 
changer that uses direct-contact heat transfer 
from a nonvolatile immiscible liquid to change 
the phase of a volatile fluid.’ The initial diam- 
eter of pentane droplets evaporating within an 
immiscible water medium in a 3-phase (pen- 
tane, water, and pentane vapor) heat exchanger 
was found to affect the overall heat-transfer 
coefficients. The heat-transfer coefficient in- 
creased with a decrease in droplet size, and, 
apparently, surface tension and excess pres- 
Sure from curvature are relevant parameters. 
Although scraped or wiped falling-film evapo- 
rators have been used industrially for some 
years, little has been published about their 
heat-transfer performance. An experimental 
Study of evaporation at a scraped surface found 
that the Nusselt number was proportional to 


Reynolds number to the 0.25 power, to a r=- 
Reynolds number to the 0.43 power, tot 
Prandtl number to the 0.33 power, and to: 
number of the blades to the 0.33 power. 


Deposits formed beneath bubbles during z- 
Cleate boiling of radioactive calcium sul 
solution were found in detailed studies to` 
related to heat transfer and the problem 
fouling of surfaces during evaporation of = 
water. Calcium sulfate is of interest beca- 
of its scale-forming ability. Studies of s. 
deposits show that the bubble behavior isc.. 
sistent with the microlayer vaporization : 
pothesis proposed by Moore and Mesler." 7- 
relative distribution of the deposits revei: 
by autoradiographs indicates that there is r.-: 
evaporation beneath the bubble (as was s.. 
gested by Moore and Mesler) than there ıs - 
evaporation at the triple interfaces (as »- 
proposed by Partridge and White)."* A sec.: 
study of heat transfer and fouling rates dur. 
pool boiling of calcium sulfate solution sh.: 
the deposition rate is proportional to the sq 
of the heat flux and nearly constant in tme - 
constant heat flux.®’ It follows that the depus:. 
tion rate is proportional to the concentrst. 
driving-potential squared, as proposed by M. 
yauchi.’> Deposition of CaSO, on a surface . 
nucleate boiling creates additional nuclea::- 
boiling sites, which raises the heat-trans:: 
coefficient during part of the operating time- 
although the eventual result of fouling is 
reduce heat transfer. Thin polyhydrocara -` 
coatings retarded scaling by an order of m+ 
nitude and increased the overall coefficien: 
heat transfer during calcium sulfate deposit. : 
Polymerization fouling, which was also stud 
produces a temperature-time behavior c-- 
pletely different from that of crystalline fori- 
and is not well understood. The heated suri- 
temperature remained constant for a time ©- 
depended on the heat flux and polymer conte: 
tration. It then increased 350 to 400°F w- 
1 to 2 min and began oscillating with an ami- 
tude of 40°F and a period of about 0.1 min. 


Radiation 


Interest in radiation heat transfer conum: 
to grow because of the increase in deSign t:= 
peratures of reactor systems and because 
the importance of this mechanism for i- 
sinks for space power plants. 
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A method was presented for calculation of 
diative exchange in enclosures whose surface 
flectance can be approximated by the sum of 
diffused and a specular component.” Heat 
insfer by Simultaneous internal conduction 
d surface radiation in plates with specular 
flection was treated in terms of a nonlinear 
‘egro-differential equation that was converted 
an integral equation and then solved numeri- 
lly.!5 Solutions have been obtained for a wide 
nge of conditions, including those for which 
fuse reflection results are available. Reflec- 
m and transmission intensities from gray 
abs were found by use of the powerful in- 
riant embedding method that was developed 
r phenomena such as neutron transport.’ 
‘oblems of simultaneous convection and ra- 
ation in a laminar boundary layer on a flat 
ate were formulated and solved.” In these 
lutions it was assumed that the plate surface 
black and that the fluid medium is a perfect 
s for which the mass absorption coefficient 
r radiation is independent of frequency and 
mperature. The iterative solution includes 
e effect of viscous dissipation, secondary 
1isSion and absorption, and incident external 
diative fluxes. 


1ermophysical Properties 


A novel use of heat-transfer techniques en- 
les the measurement of thermophysical prop- 
ties at extremely high temperatures. The 
ermal conductivities of noble gases in the 
nge 1500 to 5000°K were determined by 
easurement of heat-transfer rates from heated 
ses to the end wall from a reflected shock 
ive.’® Consideration of density variation in 
e thermal boundary layer was found to be 
gnificant in evaluation of the data; some pre- 
ous investigations had neglected this effect. 
1e thermal conductivity of hydrogen from 
100 to 4700°F and 15 to 150 psia was deter- 
ined from the measured effective conductivity 
porous tungsten specimens filled with pres- 
rized hydrogen;’® thermal conductivity as 
termined by subtracting the solid conductivity 
mtribution compares within a factor of 2 with 
‘isting experimental and theoretical work. 
eat transfer through porous ceramics in a 
ermally degraded ablation material was mea- 
Ired and tested against different theories.” 
the correct model is assumed, the apparent 
ynductivity is the sum of the separate con- 


tributions of solid and gas conduction in radia- 
tion. The radiant portion of the conductance is 
proportional to the product of the mean tem- 
perature cubed times the average pore size. 


Other Heat-Transfer Studies 


Studies important to cryogenic heat transfer 
were described.®!.8 Heat transfer from lami- 
nar boundary layers was considered, with 
emphasis on large free-stream velocity gradi- 
ents and highly cooled walls.® In experiments 
on how free convection affects laminar forced- 
flow heat transfer in a uniformly heated hori- 
zontal tube, the free-convection-flow component 
that caused secondary flow was observed as a 
decrease in the wall-to-bulk fluid temperature 
difference required to transfer heat as com- 
pared to the pure forced flow.™ Local as well 
as average heat-transfer coefficients between 
an isothermal flat plate and impinging two- 
dimensional jets were measured for both single 
jets and arrays of jets. Viscous and thermal 
boundary-layer behavior on the electrically 
insulating wall of a rectangular magnetohydro- 
dynamic channel was analyzed theoretically by 
use of momentum and energy integral approxi- 
mations. Measurements of the way in which 
asymmetrical heating in a parallel-plate chan- 
nel affects fully developed turbulent heat trans- 
fer show it to be qualitatively as predicted 
analytically." An analysis of a thermal flow- 
meter includes the normally neglected effect 
of axial conduction along the tube.’ Transient 
heat transfer between a thin circular tube and 
the incompressible fluid moving through it was 
analyzed for constant inlet fluid temperature;*® 
both radial conduction in the wall and the heat 
loss at the outer surfaces of the cylinder were 
included. The effect of heat conduction on wall 
temperature was determined for a well casing 
passing vertically through a planar heat source 
of constant temperature.” 

An approximate calculation was presented for 
natural-convection melting of an ice-water sys- 
tem.°1 Although an analytical study of transient 
heat transfer to a Bingham plastic (a material 
with a finite yield stress and linear stress— 
Strain curve) in laminar flow in a circular tube 
with energy generated internally was given with 
a justification of its applicability to slurry 
reactors, experiments reported in the paper 
generally agree poorly with the theory, showing 
wall temperatures 30% lower to 100% higher 
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than predicted plus a different transient re- 
sponse.” Equations were given for the tem- 
perature of moving solid materials undergoing 
heating or cooling.9,% The determination of 
the surface heat flux from the measured- 
temperature history inside a heat-conducting 
solid is called the inverse heat-conduction 
problem; this problem becomes nonlinear if 
the thermal properties depend on temperature 
and was solved by a finite-difference method.” 
A stable, explicit numerical solution of the 
conduction equation for multidimensional non- 
homogeneous media was presented.” This 
method, which may be called an alternating- 
direction explicit procedure, takes less com- 
putational time than the alternating-direction 
implicit procedure and appears to combine the 
computational ease of the explicit methods 
with the stability of the implicit methods. 

Evaporation rates from hot vertical flat 
plates, which are relevant to reactor safety 
analyses, were analyzed.’ It was concluded 
that a correction factor accounting for the 
effect of transverse mass flux must be incor- 
porated in the correlation expression for pure 
heat transfer. Also of potential importance to 
reactor safety is an experimental study of 
transient heat transfer to liquids in cylindrical 
enclosures.” 

The thermal-control techniques and the ther- 
mal-design calculations for the Nimbus satel- 
lite were reviewed.’ Movable insulation panels 
provide active temperature control of exterior 
surfaces. The analytical methods described 
agree with thermal model tests and actual 
space-flight data. 


Loss-of-Coolant Accidents 


One facet of heat transfer directly related to 
reactor safety and containment was discussed 
by a panel. Most of the discussion concerned 
the LOFT (Loss-of-Fluid Test) program that 
is part of the reactor safety program of the 
AEC. For this program a 50-Mw(t) pressurized- 
water reactor and test facility are being built 
in Idaho to learn how a reactor is affected by a 
sudden loss of coolant and the extent of any 
resulting radioactivity release. Phillips Pe- 
troleum Company is responsible for building 
and testing the LOFT blowdown facility; Kaiser 
Engineers, a Division of Henry J. Kaiser Co., 
is designing the LOFT facility. 

R. P. Rose (of Phillips) described the pro- 
posed five-phase test program: (1) containment 


pressure and leak tests, (2) coolant blow:- 
tests with a dummy core, (3) low-power phys. | 
tests and power operation, (4) loss-of-co..-: 
test, and (5) facility cleanup and posttest = 
amination. Rose pointed out that the marv. 
knowns associated with the blowdown progr- 
have suggested the need for a scale mode: > 
mock up the LOFT geometry before the + 
Scale tests. He discussed the scaling dow 
the LOFT physical dimensions for the props. 
blowdown test facility, which would preser 
the relative dimensions of the piping, ves::. 
and core rather than the time scale. Asi::. 
sult the metastable fluid behavior during bi:7- 
down may be affected because linear thre 
dimensional scaling involves shortening « z- 
time scale. 

J. S. Busch, W. D. Harrington, and S. F- 
(of Kaiser) discussed analyses that gave = 
System boundary conditions for transient `:Ė:- 
tainment as well as for the primary-) 
transients resulting from blowdown; gener.- 
ized digital-computer programs and subseq:- 
parametric analyses were used. 

S. Esleak (of The Babcock & Wilcox C: 
discussed some of the more important rr. 
lems pertaining to a loss-of-coolant accik” 
(1) two-phase critical flow, (2) two-phase prt:- 
sure drop, (3) dynamic effect in the core. i- 
(4) coolant expansion and degree of separi: 
in the reactor vessel. The bases of his disci- 
Sion are available in a recent state-of-the-: 
report, ! 

Specific phenomena pertaining to the loss- ` 
coolant accident were discussed by J. A. R> 
field, P. J. Moody, and H. Fauske. Red. 
(of Bettis Atomic Power Division, Westingtco 
Electric Corp.) presented a simplified mò 
for fuel-element heat transfer during a «= 
of-coolant accident which has been applie:: 
the Zircaloy-clad oxide-rod fuel elements “` 
LOFT. He concluded that more data are nee: 
for transient heat transfer under conditions 
rapidly falling pressure, rapidly rising cook 
quality, and highly unsteady flow conditions. 

Moody (of General Electric Company) ¢- 
cussed an idealized model for estimating cri: 
cal flow rates and pressure drops for g: 
vessel conditions and flow break geomet 
Although this ideal-nozzle model agreed s:- 
with one previous test (for the Humboldt & 
nuclear power plant), it clearly overpredt: 
another test (for the Bodega Bay plant. < 
extension of the energy model to include fr: 
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1 losses yielded fair agreement with the 
ent data of Fauske.!” 
‘auske (of Argonne) evaluated existing mod- 
for calculating maximum escape rates of 
tetor coolant. On the basis of recent mea- 
-ements of voids at critical flow conditions, 
concluded that previously formulated models 
auske,!°? Levy,! and Moody!) are physi- 
lly incorrect and that their good predictions 
sulted from the high values of velocity ratios, 
ich compensated for metastability effects. 
new model was suggested, including both the 
‘ects of slip and metastability. 


»mencilature 


A= area, sq ft 
Cp = heat capacity, Btu/(1b)(°F) 
D = test-section diameter, ft 
D, = diameter of bubble at departure 
g = local acceleration, ft/sec? 
gc" gravitational conversion factor, 32.16 lbmass- 
ft/sec?/ lbforce 
G = mass velocity, 1b/(hr)(sq ft) 
h = heat-transfer coefficient, Btu/(hr)(sq ft)(°F) 
J = mechanical equivalent of heat = 778 ft-lb/Btu 
k = thermal conductivity, Btu/(hr)(ft)( °F) 
L = length, ft 
TU = number of transfer units = AU,v. Cpu) min. 
P= pressure, psi 
q’’ = heat flux, Btu/(hr)(sq ft) 
qc = critical heat flux, Btu/(hr)(sq ft) 
capacity-rate ratio = (Cpw) rot fuid/(Cpcoid fluid 
= liquid-layer thickness, ft 
time, sec 
effective thickness of heater, ft 
= temperature, °F 
= overall heat-transfer coefficient, Btu/(hr)(sq 
ft)( °F) 
= velocity, ft/sec 
= weight rate of flow, lb/hr 
= vapor weight fraction, lb vapor/Ib fluid 
= distance from inception of local boiling, mea- 
sured in the direction of flow, ft 
B = contact angle, deg 
€ = heat-exchanger effectiveness, heat trans- 
ferred/maximum possible heat transfer 
À = latent heat, Btu/1b 
u = viscosity, ]b/(ft)(hr) 
p = density, lb/cu ft 
g = surface tension, Btu/sq ft = 778 x lb/ft 
$ = two-phase flow multiplier 


R 
s 
t 
t 

T 

U 


NREL 


'ubscripts 
av. = average 
b = bulk 
c = critical 


DNB = departure from nucleate boiling 
f = film conditions 
& = gas 
L = liquid 
S = saturation 

TP = two-phase 

y = vapor 

max. = maximum 

min. = minimum 
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Power Reoctor Technology 


ffect of Hydriding 
in Zircaloy Properties 


/ C. Roger Sutton 


irconium-base alloys and austenitic stainless 
teels have been the preferred materials for 
ie Cladding of water-cooled power-reactor 
tel elements. In choosing between them, re- 
ctor designers balance the lower cost and 
impler fabrication of the stainless steels 
gainst the better neutronic efficiency of the 
irconium alloys—thus the cladding for each 
eactor is selected on the basis of economic 
onsiderations. Today’s economic conditions 
ften favor the use of Zircaloy. With the transi- 
on to private ownership of fuel in the 1970’s, 
yere is expected to be a still clearer economic 
dvantage for zirconium alloys. Zircaloy-2, the 
eference zirconium-base alloy for the fuel 
ladding of water-cooled reactors for many 
ears, has very good corrosion resistance and 
sually adequate mechanical and physical prop- 
rties. Nevertheless, anything that changes the 
roperties of the cladding material can have a 
rofound effect on the life and economics of the 
ael. 


)ccurrence of Hydride 


One factor affecting the life and properties 
f Zircaloy, and thus the economics of its use, 
s the formation of zirconium hydride. Investi- 
ations of failed Zircaloy-2 cladding on fuel 
ods has indicated that the presence of oriented 
irconium hydride caused brittle failure.1,2 
Vhen the hydrides are oriented perpendicularly 
5 the stress axis, both ductility and strength 
re decreased appreciably.’ Preferential ori- 
ntation of the zirconium hydride platelets can 
caused by strains during fabrication‘ or by 
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the application of stresses greater than some 
threshold intensity while the hydrides are pre- 
cipitating.*”* 


Sources of Hydride 


Zirconium-base alloys usually contain little 
hydrogen (10 to 25 ppm) of the melting and 
fabrication procedures as a result. When the 
alloys are exposed in oxidizing aqueous media, 
additional hydrogen is generated continuously 
by the reaction 


Zr + 2H,O =% ZrO, + 4H 


In a system that is not degassed continuously, 
some of this hydrogen diffuses into the zir- 
conium alloy. Because the solubility? of hydro- 
gen in zirconium is very limited (see Fig. V-1), 
a second phase (ZrH, 53) precipitates, usually 
in the form of platelets. The amount, size, 
distribution, and orientation of this precipitated 


Temperature, °F 


a Zr + Š hydride 





4000 
Hydrogen, ppm 


zr 2000 6000 8000 


Fig. V-1 Zirconium —hydrogen phase diagram shows 
that solubility of hydrogen in zirconium increases with 
temperature up to about 1020°F , above which hydrides 
will not accumulate .® 
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phase may have a pronounced effect on the 
mechanical properties of the zirconium alloy. 


Factors Affecting Hydrogen Uptake 


Kirk’ predicts that 30 to 50% of the available 
corrosion-product hydrogen will be absorbed 
by Zircaloy-2 and Zircaloy-4. Other data8-10 
indicate that 50% is probably the high side of the 
range and that absorption may be as low as 
5%, depending on temperature, pressure, irra- 
diation field, and other factors. 

The dominant factors affecting the rate and 
amount of hydrogen uptake of available corro- 
Sion-product hydrogen are: zirconium-alloy 
composition, temperature, characteristics of 
the oxide film, radiation field, and coolant 
chemistry. 


Alloy Composition. In discussing Zircaloy-2, 
nickel-free Zircaloy-2, and Zircaloy-4, Kass!! 
states that hydrogen absorption is enhanced by 
the presence of nickel in the alloy. He reports 
that nickel-free Zircaloy-2 and Zircaloy-4 are 
superior to Zircaloy-2 in less than or equal to 
680°F water because of their lower hydrogen 
pickup and decreased sensitivity to hydride 
failure but that above 750°F Zircaloy-2 has 
better oxidation resistance; beta quenching per- 
mits all three alloys to be used up to 850°F. 
Klepfer and Douglass’? demonstrated that zir- 
conium-base alloys containing copper and iron 
have less long-term hydrogen pickup than Zir- 
caloy-2 (Table V-1). Greenberg and Youngdahl? 
report the combined effect of alloying and heat- 
treatment on hydrogen uptake (Table V-2); they 
conclude that hydrogen absorption in a particu- 
lar alloy is primarily sensitive to exposure 
temperature and that a zirconium-base alloy 
containing 1.1% copper and 1.2% iron merits 
further study. Freer, Silvester, and Wanklyn!’ 
show the effect of 1% copper on hydrogen up- 
take at 932°F (Figs. V-2 and V-3). Weinstein 
and Holtz!3 determined the hydrogen pickup of 
various alloys in 680°F water and 750°F steam 
(Tables V-3 and V-4). 


Temperature. Greenberg and Youngdahl? 
show (Table V-2) that hydrogen absorption by 
zirconium alloys after long exposure to steam 
is relatively insensitive to heat-treatment and 
composition of the alloys but very Sensitive to 
temperature at least above about 1000°F. The 
percentage of corrosion-product hydrogen ab- 
sorbed is much less at 1200°F than at 1000°F. 
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Table V-1 EFFECT OF TEMPERATURE ON 
LONG-TERM HYDRIDING OF THREE 
ZIRCONIUM ALLOYS*!2 


Hydride rate. 
107? mg’ (dm?)(day) 
Alloy, at.% At 750°F = At -Y3C'F 
Zircaloy-2 1.8 41.6 
Zr-1 Nb—1 Cu-0.3 Fe 1.4 4.4 
Zr—1.1 Cu—- 0.3 Fe 0.068 6.1 


*In 1000-psi low-velocity flowing steam ccon- 
taining 20 ppm O, and 2.5 ppm Hz. Exposure 
time: rate data taken ‘‘posttransition,’’ 1000 t: 
3000 hr. Specimens were fabricated from sponge 
by double consumable arc melting, forged and 
hot rolled at 1450°F, water quenched, 20% coid 
rolled, and alpha annealed 8 hr at 1050°F. 


This result® is to be expected since zircom:: 
hydride is unstable at temperatures above aba’ 
1020°F (see Fig. V-1). 


Oxide Film. Gulbransen and Andrew" fo= 
that oxide films may inhibit the gaseous --- 
driding of zirconium by factors of 1000 :: 
more. Smith showed that the hydrogen pick: 
rate is inversely proportional to the ZrO, tt 
thickness. Freer, Silvester, and Wanklyn”’ stx- 
ied hydrogen uptake during initial stages - 
corrosion in superheated steam at 930°F. Tx 
suggest that reactions at the steam —oxide tl- 
interface, rather than bulk oxide films, contr. 
hydrogen entry into the alloy. Figure V-4sh: 
typical hydrogen uptakes*® in steam at 932°F. 


Irradiation. Exposure of zirconium alc 
to irradiation conditions in a reactor can eithe: 
increase or decrease hydrogen pickup. By co- 
tributing to a slow but steady buildup of ox 
film on the surface of zirconium alloys 7 
means of radiolytically produced oxygen — 
activation of the surface), radiation can rew | 
hydrogen pickup. MacDonald and Parry’ tzz. 
that the ZrO, film on alpha-annealed Zircalv:-- 
fuel sheaths that had been irradiated 13,00 + 
in less than or equal to 480°F pressure. 
water (the fuel was run at ie k dT = 40 watt 
cm until a burnup of 10,000 Mwd per metric t ` 
of uranium was attained) was 2 to 3 pm thick: 
than expected from out-of-reactor tests. Tz: 
caused hydrogen pickup to be considerably ;=: 
(3 to 20%) than the 50% pickup predicted by >- 
of-reactor tests. 

In general agreement with MacDonald -~ 
Parry,! Burns and Maffei!’ state that a i: 
neutron exposure of 0.3 to 8.2 x 107° neutr: 
cm’ increases greatly the average corm: 





Table V-2 HOW COMPOSITION AND HEAT-TREATMENT OF ZIRCONIUM ALLOYS 
AND THE TIME AND TEMPERATURE OF THEIR EXPOSURE TO SUPERHEATED 
STEAM AFFECT THEIR ABSORPTION OF CORROSION-PRODUCT HYDROGEN9 








so UTE tO POPE vere ns Weight H, concen- 

Alloy, wt.% Temperature, Time, gain, tration, Hydrogen 
heat-treatment* °F days mg/cm? ppm absorbed, % 
Zr—3 Ni—0.5 Fe (initially contained 20 ppm H,) 

As cast 1000 35 0.8 80 93 

As cast 1000 97 1.8 119 56 
Zr—3.1 Ni—0.6 Fe (initially contained 22 ppm Hp») 

As hot rolled 1000 1.1 166 45 

As hot rolled 1000 ; 1.9 203 41 

H,Q,A 1000 108 5.30 666 55 

H,Q,A 1200 88 9.38 348 14 

H, Q 1200 88 9.19 330 14 

H, C, Q, C 1000 108 6.88 1451 61 

H, C, Q, C 1000 108 7.51 1320 53 
Zr—2.1 Ni- 0.6 Fe (initially contained 16 ppm H,) 

As hot rolled 1000 117 8.63 1208 67 

H, Q, A 1000 108 6.58 875 62 

H, C 1000 117 9.69 1518 63 

H, C, Q, C 1000 108 7.68 868 40 

H, C, Q, C, 1000 108 7.22 940 43 
Zr—1.1 Cu-0.7 Fe (initially contained 22 ppm H,) 

H, Q, A 1000 108 9.81 980 46 

H, C, Q, C 1000 108 10.8 1175 41 
Zr—0.5 Cu- 1.0 Fe (initially contained 18 ppm H,) 

H, Q, À 1000 108 6.21 641 47 

H, C, Q, C 1000 108 4.80 356 25 

H,C,Q, A 1000 108 7.25 1080 62 
Zr—1.1 Cu-1.2 Fe (initially contained 21 ppm H.) 

As hot rolled 1000 0.60 30 7 

As hot rolled 1000 > 1.20 38 8 

H, Q.A 1000 108 6.90 716 44 

H, Q, A 1200 88 8.53 131 5.5 

H, Q 1200 88 8.30 90 3.6 

H, C, Q 1000 108 6.71 583 32 

H, C,Q, A 1000 108 7.42 932 49 
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*H = hot rolled; Q = quenched from 1650°F; A = aged for 1 hr at 1290°F, then air cooled in 
capsule; C = cold rolled with <20% reduction. 


They note that the corrosion proceeds at a 
nearly uniform rate above an as-yet-undeter- 
mined threshold flux rate. 

On the other hand, under coolant flow and 
temperature conditions that erode the oxide 
film or encourage hydride pickup, the suríace 
activation and hydrogen produced by irradiation 
can cause more total hydrogen to be picked up. 
Tobin!Š shows in Fig. V-5 that Zircaloy-2 at 
540°F in a reactor loop picks up markedly 
more hydrogen than it does in anout-of-reactor 
loop at the same temperature; but he states 
that percentage uptake in the reactor is on the 
low side of the out-of-reactor results. 

Water dissociates radiolytically. The amount 
and types of net steady-state dissociation prod- 
ucts depend on at least two reactions: (1) a 
forward reaction that depends primarily on the 
intensity and type of radiation and (2) a back 
reaction that depends on temperature, the con- 





Oxidation, mg/dm? 


z. V-2 Hydrogen uptake of crystal-bar zirconium 
932°F steam of atmospheric pressure.’ 


tes of Zircaloy-2 in 540°F water having pH = 
, but that the fraction of corrosion—hydrogen 
ckup remains in the low part of the range 
rmally found in the absence of radiation. 


248 POWER REACTOR TECHNOLOGY Vol. & 


centration of decomposition products, the type Coolant Chemistry. Dalgaard!® states - 
and intensity of radiation, the type and concen- zirconium —2.5% niobium alloys, with or mt 
tration of impurities in the water, and possibly 0.5% copper, are very sensitive to Li(: 
on catalytic effects of materials in the immedi- water of pH = 10; he also reports that 
ate zone of dissociation. concentrations of oxygen or oxidizing agents 
water or steam may depress hydrogen wu 


In high-temperature pressurized-water re- 








I En ; . significantly. 
actors, the net dissociation is very low. It is y 
probable that the only hydrogen available to 
react with the zirconium alloy is the small 
residual amount from reaction of equilibrium iqu Waaa Qs 
oxygen with metallic surfaces. i Ag, Au,Pt binary alloys 
pres. 
Si o” 
v 
È oo 
© 
è š 
P Á 5 vol % hydrogen = 0.1-2.5% Fe, 25% 
F added to stean _ Wormally > and crystal be 
i ait iting to ~ 50% c asst 
° ” A at 100 mg/dm g% x 
=0.5 oo” uot > 
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Fig. V-3 Hydrogen uptake of zirconium—1% copper Fig. V-4 Hydrogen-uptake ranges of zirconium :- 
alloy in 932°F steam of atmospheric pressure." loys in 932°F steam.” 


Table V-3 HYDROGEN PICKUP AND TENSILE STRENGTH OF ZIRCONIUM 
ALLOYS IN 680°F WATER FOR 200 DAYS! 





Hydrogen pickup Ultimate tensile 





Composition, Weight gain, Total H,, ‘Pickup, strength (at 680°F), 
wt.% mg/dm? ppm % psi 

Zircaloy-2 68.47 183 46 27,800 
Zr—1 Cr—0.25 Te 35.79 54 15 32,800 
Zr—1 Sb—0.5 Nb 68.59 63 12 

Zr—1 Sb—0.25 Te 49.66 62 17 30,300 
Zr—1 Sb—0.25 Ge 52.85 38 8 32,700 
Zr—0.5 Sn—0.25 Ge 36.98 51 18 25,100 
Zr—0.5 Sn—0.25 Te 42.84 55 18 30,200 
Zr-—0.5 Nb—0.25 Te 46.88 65 22 30,700 





Table V-4 HYDROGEN PICKUP AND TENSILE STRENGTH OF ZIRCONIUM 
ALLOYS IN 750°F STEAM FOR 125 DAYS! 





Hyarogen pickup Ultimate tensile 





Composition, Weight gain, Total H, Pickup, strength (at 750°F), 
wt. mg, dm? ppm % psi 
Zircaloy-2 87.96 256 50 26,500 
Zr—1 Fe-0,25 Cr 51.81 126 55 24,800 
Zr—1 Fe—-0.25 Te 68.84 204 71 22,300 
Zr—1 Fe—0.5 Nb 88.60 212 58 30,200 
Zr-1 V-1 Fe 72.00 163 50 31,800 
Zr—3 Cr-1 Fe 65.43 158 50 30,000 
Zr—3 Cr—0.25 Te 67.03 141 43 32,700 
Zr—0.5 Nb—0.25 Cr 97.47 79 13 27,900 
Zr- 0.5 Nb—0.25 Te 66.95 94 30 27,200 
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g. V-5 Much more total hydrogen is picked up by 
rcaloy-2 in a reactor loop with 540°F water than in 
out-of-reactor loop with same-temperature water.” 


ow Hydrides Affect Properties 


The major effect of adversely oriented hy- 
ides is to decrease ductility,’’ but tensile 
rength’’ and stress-rupture life?! also might 
' reduced. From studies of the effect of irra- 
ation on Zircaloy-2 containing 0 to 200 ppm 
, and zirconium—2.5% niobium containing 0 
300 ppm H,, Sawatzky? concludes that hydro- 
in has little effect on tensile strength at 77 to 
\2°F. He also found that hydrogen decreased 
e ductility of both alloys, but the effect was 
ss than that of irradiation to 102! neutrons/cm? 
>> 500 ev) at 536°F. Sawatzky also noted that 
2uterium and hydrogen have the same effect 
1 the impact strength of Zircaloy-2 on an 
om-for-atom basis. 

By means of drop-weight tests on unirradi- 
ed pressurized tubes, Farrow and Watkins?’ 
und that 20%-cold-worked Zircaloy-2 contain- 
ig less than 100 ppm H, does not support crack 
ropagation at room temperature, but that 
ibes having 200 ppm H, exhibit crack propa- 
ation below 250°F. Standard drop-weight tests 


on the same material indicated a ductile— 
brittle transition temperature of 230°F; Zir- 
caloy-2 with as much as 800 ppm H, hasa 
ductile—brittle transition temperature less than 
445°F, which is well below the operating tem- 
peratures of power reactors. 

Babyak, Bourgeois, and Salvaggio® show that 
increased hydrogen content causes little loss 
of necking strain in Zircaloy-2 at 500°F. They 
also note that beta-quenched Zircaloy-2 with 
uniformly distributed hydrides shows greater 
necking Strain than material to which no hydro- 
gen has been added. At room temperature the 
necking strain of alpha-annealed Zircaloy-2 
containing 500 ppm H, is about half the initial 
(low hydrogen) value, regardless of morphology, 
but beta-quenched material with uniformly dis- 
tributed hydrides shows little effect. Samples 
containing 200 to 300 ppm H, in the form of 
grain-boundary hydrides show a decrease to 
only 1 to 2% strain. 


Causes and Control of Orientation 


Data presented by Burton?! and by Mehan and 
Wiesinger? indicate (1) little if any effect of 
hydrogen content (up to at least 500 ppm) on 
the tensile strength of annealed Zircaloy-2 
from room temperature to 600°F and (2) no 
effect on ductility above about 300°F. But if the 
hydride is situated in the grain boundaries or, 
particularly, if the hydride platelets are pref- 
erentially oriented in a direction perpendicular 
to the stress direction, brittleness develops.’ 

Marshall and Louthan® also report that, like 
the effect prior strain has on hydride orienta- 
tion, stress applied during hydride precipitation 
causes the hydride platelets to orient pref- 
erentially—and, when the treatment produces 
hydrides oriented perpendicularly to the stress 
axis, both strength and ductility decrease sig- 
nificantly. 

Marshall and Louthan® also observe that un- 
favorable orientation can be corrected by apply- 
ing stress (in a direction perpendicular to the 
platelets) during hydride precipitation (precipi- 
tation occurs when the material is cooled be- 
low the hydrogen solubility temperature or 
during the longer times while the alloy is ab- 
sorbing more than a soluble amount of hydro- 
gen); the amount of stress needed depends on 
fabrication history. Although Louthan and Mar- 
shall found that for highly susceptible material 
the minimum transverse stress to’ change hy- 
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dride orientation may be as low as 6000 psi, 
Wootton?” shows that a stress of 16,000 psi 
appears to be somewhat below that required. 
But both investigators agreed that hydrides 
oriented parallel to the applied stress are un- 
affected by as much as 16,000 psi. Parry and 
Evans‘ found that the hydride precipitated par- 
allel to the direction in which grains are de- 
formed and that a minimum strain of 7% is 
required to produce directionality. 


Significance 


From the data described it can be concluded 
that reactor designers can avoid or alleviate 
the problems of hydride-induced brittleness and 
loss of strength in Zircaloy: (1) by selecting 
alloys and the surface films and water condi- 
tions that reduce hydrogen absorption, (2) by 
choosing operating temperatures that prevent 
hydride formation or accumulation, and (3) by 
designing components and specifying fabricating 
methods that cause any hydride platelets that 
do form to precipitate either in random orienta- 
tion or parallel to the principal operational 
stress. 


Slow Hydrogen Absorption. Much effort is 
being exerted to learn techniques to reduce the 
rate by which corrosion-induced hydrogen is 
absorbed by zirconium alloys. The fact that 
many reactor cores of pressurized- and boiling- 
water reactors have performed satisfactorily 
with Zircaloy-2 at about 600°F or less is 
prima facie evidence that either the reaction 
rate 


ar + 2H,O -> ZrO, + 4H 


is very slow below this temperature or that the 
diffusion rate of hydrogen through the existing 
oxide film is very low, or both. Above 600°F 
the amount of hydrides formed is, in many 
instances, sufficient to cause concern. The re- 
moval of nickel from Zircaloy-2 and other 
Slight modifications has resulted in an alloy 
designated as Zircaloy-4. It is slightly less 
corrosion resistant than Zircaloy-2, but it is 
substantially less susceptible to hydriding. Al- 
though other alloys, notably zirconium—2.5% 
niobium, have been proposed, they have not yet 
been specified for a reactor core. 

As noted by Burns and Maffei!’ and by Mac- 
Donald and Parry,*® neutron irradiation lowers 
the percentage uptake of hydrogen, thus tending 
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to offset any increased concentration of hydr - 
gen in the coolant resulting from possible r- 
creased in-reactor oxidation rate of the zx- 
conium alloy. Tobin! showed higher tt 
hydrogen uptake under irradiation owing ` 
increased corrosion rates but stated that t- 


percentage uptake is on the low side of the œt- ` 


of-reactor results. 


Prevent Hydride Formation. Designers c 
select alloys and operating temperatures s-:: 
that the solid solubility limit of hydrogen is >.’ 
exceeded (so that zirconium hydride will: 
form and precipitate). In the intermediate- 
temperature range of interest for reactor appi- 
cation, moderate hydrogen pickup may not > 
deleterious because the solubility of hydroc:: 
increases with temperature. For examr!:. 
Fig. V-1 shows that, at 750°F, up to ak. 
250 ppm H, can be accommodated without t:- 
dride formation; at 1000°F about 800 ppm c: 
be tolerated. The designer can take advantage 
of this phenomenon if the operational conditor: 
maintain the zirconium alloy above the tem- 


perature corresponding to the predicted hydr.- ` 


gen Saturation level. 


If the zirconium-alloy component operates © 


at a temperature above that at which the zirc.- 
nium hydride phase becomes unstable (~1020 fF 
see Fig. V-1), the hydride will accumuli- 
Slowly, if at all. This is supported by Greenber; 
and Youngdahl,’? who report only a 5.5% uptake 
of corrosion-product hydrogen at 1200°F : 
out-of-reactor tests. However, the relief froz 
hydride problems above about 1020°F is usual: 
only of academic comfort because of oxyge: 
embrittlement and loss of strength at suc 
temperatures. 


Random or Parallel Orientation. The orie- 
tation of the precipitated zirconium hydrié 
phase in either a completely random fash« 
or in preferred orientations related to the op- 
erational stress is the factor that most readil: 
lends itself to control by the designer. Althouz: 


the presence of hydrogen, per se, in zirconiu | 


alloys has little effect on the metal properties 
there iS a pronounced deleterious effect ` 
zirconium hydride precipitates as platelet 
either in the grain boundaries or preferential: 
oriented perpendicular to the principal stress. 
This behavior corresponds in many ways to tx 
ductile—brittle transition in steel. 

In fully alpha-annealed or beta-quenched zr- 
conium alloys, the hydrides present at te 
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nealing or quenching temperature tend to 
ecipitate randomly. However, slow cooling 
»m these temperatures tends to cause the 
dride platelets to accumulate in the grain 
undaries, thus resulting in brittleness. If the 
otal is free of stress, corrosion-product 
drogen will form randomly oriented hydrides. 
»wever, when the metal is in a stressed con- 
tion, the hydrides precipitate preferentially in 
| orientation perpendicular to tensile stresses 
id parallel to compressive stresses; in fact, 
e preferential orientation can be changed by 
'versing the stress direction in service.® 
ence it is important that the designer specify 
‘oduction and fabrication methods that yield 
ytimum orientation of the hydride platelets. 
2 also should design Zircaloy reactor in- 
rnals in a manner that ensures platelet orien- 
tion parallel to the principal stress axis 
iring operation. 
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Power Reactor Technology 


Letters to the Editor 


Boiling-Water Environment Not Necessarily 
Detrimental to Stainless-Steel Cladding 


In the letter by R.J. Allio in Power Reactor Technology,8(2), the successful application of stain: 
steel cladding in pressurized-water reactors (PWR) is contrasted with the experience wit! :.. 
cladding reported from the Vallecitos Boiling Water Reactor (VBWR).! It is the purpose oi = 
communication to review the statements in the reference letter concerning the differences bei+:- 
PWR and BWR cladding behavior and, further, to examine in some detail why the VBWR &t.-- 
not applicable to BWR’s in general. 


1. System Pressure 


‘‘Higher pressure prevents or delays development of tensile stress.” The 12,000-psi comprim- 
sive stress corresponds to an incremental strain of approximately 5 x 107% in./in., which with |. - 
fueled rods corresponds to an increase in allowable burnup of about 250 Mwd per metric tš: 
uranium, Since the PWR fuels cited exceeded the VBWR burnups by factors of 2 and 3, clearit ` 
increased compression on the cladding due to the higher pressure cannot explain the differen 
behavior. 

“Crack propagation cannot normally occur in the absence of a tensile stress.’ Both ten: 
and compressive stresses lead to failure via cracking in cold-worked austenitic stainless s: 
even in oxygen- and chloride-free water.” 


2. System Chemistry 


“ High oxygen concentrations have been shown in laboratory experiments to accelerate si 
corrosion.’ This statement is erroneous unless qualified by the statement ‘‘in the liquid phase ~: 
in the presence of chloride ion.’’? The concentration of oxygen in the vapor phase in BWR’s |; -5 
material to this discussion and, depending upon the residence time of the coolant in the core, re 
tor power density, system pressure, etc., can be an order of magnitude smaller than the 20 t° 
ppm cited. However, oxygen does not always act in a detrimental manner; some metals, incl: 3 
the austenitic stainless steels, form a highly impervious oxide film that provides resistant ` 


further attack,‘ and oxygen has been employed to passivate steels in high-temperature water. 


3. Corrosion-Product Deposition 


System chemistry and corrosion-product deposition are inseparable aspects of intermes: = 
phenomena and system design philosophy and criteria. Hence such an arbitrary separation 15 I: 
propriate to a technical discussion. The evidence indicates that corrosion-product deposit - 
stainless-steel claddings in both PWR’s and BWR’s has been negligible® and that only after rel 
tion of water purification specifications did the VBWR exceed negligible deposition.’ Only = ` 
Experimental Boiling Water Reactor (EBWR)® was scaling of fuel elements appreciable, am -- 
was due to aluminum oxide formed in the core from the aluminum-nickel alloy dummy fuel £= 
ments. 

One could argue that the dynamic action of nucleate-boiling bubble formation, at the **’ 
element surface in BWR’s, should ‘‘scour’’ the surface free of ‘‘crud’’; therefore the ‘‘crud burs | 
and short-term high-coolant impurity levels encountered in PWR’s after thermal shocks sbow > 
occur in a BWR. 
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4. Local Thermal Stresses 


The thermal fluctuations cited in the reference letter are based on measurements made under 
conditions (1) of atmospheric pool boiling, (2) of very low heat flux—to permit the study of individ- 
ual bubble histories, and (3) of specially prepared poorly nucleating surfaces — again to study the 
life cycles of individual bubbles. The effect of pressure on boiling superheat (wall temperature minus 
saturation temperature) results in a decrease in required superheat, at equal heat fluxes, of factors 
of 3 for subcooled boiling,’ and of 3.7 for bulk boiling;!° thus the maximum magnitude of these fluc- 
tuations falls from the 30°F claimed to 8 to 10°F at 1000 psia. The effect of increasing heat flux at 
atmospheric pressure, according to the Eindhoven research,!! is to decrease the amplitude and in- 
crease the frequency of thermal fluctuations; therefore higher heat fluxes cause damping even at 
low pressure where the driving force is large. Fuel-element surfaces are characteristically ‘‘rough’’ 
by laboratory standards, providing numerous, randomly spaced and random-sized nucleating sites 
(the ‘‘small surface crevices or pits’’ of the reference letter as well as grain boundaries, discon- 
tinuities in the oxide layer, etc.). With numerous nucleating sites scattered randomly over a sur- 
face, the surface temperature in a representative region will be the result of summing the thermal 
fluctuations from the surrounding bubble generating sites, each of which is randomly producing 
bubbles at various stages in their life cycles. Thus ‘‘real’’ surfaces tend to damp both the severity 
(amplitude) and frequency of thermal fluctuations. 

In addition to these basic arguments, the measurements cited are inapplicable because they 
ignore the effect of coolant velocity on the bubbling layer adjacent to the heated surface. The large 
increase in frictional pressure drop with nucleate boiling is graphic evidence of increased shear 
in the bubble layer. A recent study! confirms that bubbles migrate on the heated surface under the 
influence of coolant velocity. Therefore, during the life cycle of a bubble, it may not remain at the 


nucleation site, and that site, therefore, cannot experience the full thermal fluctuation proposed in 
the reference letter. 


VBWR Data Not Applicable to BWR’s in General 


We have discussed the points raised and have shown that the arguments against BWR’s are ques- 
tionable. It is appropriate, however, to examine why the VBWR fuel elements did fail and to show that 
the VBWR experience is atypical of BWR practice. The behavior of stainless steels in water-cooled 
nuclear reactor environments has been extensively studied. The results obtained to date may be 
conveniently summarized graphically!? as shown in Fig. VI-1. Two regions may be defined: that 
below an exposure of approximately 102! neutrons/cm? and that beyond this level. In the first region 
the effects of water chemistry (corrosiveness of coolant), degree of cold-work initially imposed on 
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the metal, and stress imposed by the mechanical design all play an important role. This is the 
region in which all the VBWR failures lie. If a fuel-element design and the environment are both 
favorable, exposures in excess of 10?! neutrons/cm? (>1 Mev) may readily be attained, as shown by 
the PWR experience cited. The history of the J-10 loop (ETR) pressure tube!4 shows that thermal 
cycling and stress, of themselves, do not cause failure. 

Despite the reported low level of chloride ion in the VBWR coolant,!* coolant chemistry control 
must have been grossly inadequate, since chemical analysis of the crud deposited on some VBWR 
elements revealed up to 4000 ppm chloride ion.!*!7 This is not the whole story, however. Three 
classes of fuel cladding were irradiated in the VBWR: highly cold-worked, commercially annealed, 
and fully annealed. Although the VBWR personnel refer'® to the commercially annealed cladding as 
annealed, they had measured the residual stress level in this tubing at 10,000 to 20,000 psi. Com- 
mercial annealing consists of a 10-min exposure to 1800°F; full annealing requires at least an hour 
at 1800°F for 300-series steels.!9 Both the cold-worked (residual stress of 10,000 to 40,000 psi) and 
commercially annealed tubing failed in the VBWR tests. However, a series of elements had been 
prepared by Nuclear Metals, Inc., by coextrusion ofthe UO, and type 304 stainless steel at tempera- 
ture high enough (>1800°F) to assure full annealing of the cladding; these were irradiated under the 
same environmental conditions as the other elements, and, although the density of the UO, was higher 
(97 vs. 95% of theoretical) and these elements had no gap between the UO, and steel, none failed.18+!' 
Thus we have evidence of the value of fully annealed cladding relative to the cold-worked varieties 
under irradiation, extending the out-of-pile experience previously reported.?° In addition, the high 
chloride-ion content of the crud testifies to the hostile coolant environment in the VBWR. The in- 
escapable conclusion is that the VBWR environment embrittled stainless-steel claddings causing 
intergranular and transgranular cracking, 

To show that high-quality coolant ensures satisfactory BWR cladding performance, consider the 
experience in the Elk River reactor. Although the strength of the cladding has been compromised by 
incorporation of 600 ppm boron (as burnable poison), exposures have exceeded levels at which 
similar elements (0.003-in. diametral gap and 95% theoretical density UO,) had failed in the VBWR 
without any failures. 

Thus the assertion that the boiling-water environment is necessarily detrimental to stainless- 
steel cladding cannot be substantiated. 


L. Bernath and B. W. Colston 
Atomics International 


Rebuttal: Boiling Water Is Detrimental 
to Stainless-Steel Cladding 


I commend Messrs. Bernath and Colston for their attempts to provide additional insight into the 
behavior of stainless-steel-clad fuel elements in water-reactor environments. However, the validity 
of my original position, to wit, that a boiling-water environment is detrimental to stainless-steel 
cladding, has recently been affirmed by other knowledgeable investigators.?!»22 Nevertheless, the 
reader may appreciate our identification of several fallacies Bernath and Colston attempt to pro- 
mulgate. 


1. System Pressure 


Both PWR and BWR stainless-steel-clad fuel elements are normally designed to have a 0.003 to 
0.006-in, diametral fuel-cladding gap. In such fuel elements the primary source of stress is fission- 
gas accumulation. Thus a simple calculation of fission-gas release as a function of burnup shows 
that an increase in external pressure of 1000 psi may permit even a ‘factor of 2 and 3°" increase in 
burnup, assuming exposure to be limited by the attainment of a specific tensile stress. The Bernath 
and Colston calculation of 250 Mwd per metric ton of uranium may refer to a fuel swelling phenom- 
enon, which is not relevant to the fuel elements under discussion. 

Crack propagation normally occurs only when the resulting decrease in elastic strain energy is 
greater than the energy required to create new surface. Bernath and Colston have misinterpreted 
their Ref. 2, which does not provide evidence for ‘‘crack propagation in the absence of a tensile 
stress.” Nor does their Ref. 2 demonstrate that “compressive stresses lead to failure.’ Explicit 
interpretation of the experimental results of their Ref, 2 is not possible because of the failure of 
the authors to define the actual stress state at the surface. Stress state in the specimens tested will 
be determined by the sum of residual stresses introduced by the heat-treatment and cold-hardening 
process, local mechanical stress caused by the roller separating the specimens, and the gross bend- 
ing load. Cracking kinetics will also be determined by strain energy of the specimen. Thus their 
Ref, 2 appears to demonstrate only that stainless steel can corrode intergranularly in high-tempera- 
ture water under certain conditions. 
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2. System Chemistry 


The presence of chloride was implicit in my observation that high oxygen concentration accel- 
erates stress corrosion, as shown, for example, by the work of Williams and Eckel.?3 Moreover, the 
suggested qualification of ‘‘in the liquid phase’’ is unnecessary, as shown by the same research. 

I cannot possibly disagree with the contention that ‘oxygen does not always act in a detrimental 
manner.’’ Unfortunately the examples cited by Bernath and Colston deal with mass corrosion and 
are not germane to the matter of crack initiation and propagation. 


3. Corrosion-Product Deposition 


It is hardly sporting in a technical discussion to place heavy emphasis on evidence from privy 
sources, the validity of which cannot be verified by the reader (namely, Bernath and Colston Refs. 
6, 15, and 18). Corrosion-product deposition is apparently adjudged to be ‘‘negligible’’— by what 
standard, may I ask? 

Bernath and Colston may choose to argue that nucleate-boiling bubble formation scours the 
surface. I prefer to accept the experimental evidence” that nucleate boiling in fact promotes crud 
formation. 


4. Local Thermal Stresses 


The thermal fluctuations measurements cited in my original letter were indeed performed at 
low heat flux and pressure. Although the magnitude of measured thermal fluctuations will diminish 
with increasing pressure, the finite mass and dimensions of the thermocouples result in a signifi- 
cant underestimate of the true thermal fluctuations at a point in the cladding surface. Furthermore, 
the implied generalization that increasing heat flux decreases the amplitude of thermal fluctuation 
is a gross simplification. In thermal transient phenomena the amplitude of thermal fluctuation is a 
complex function of not only heat flux but also thermal capacitance, thermal resistance, and source 
frequency. 

The study of the effect of coolant velocities quoted in their Ref. 12 was limited to low pressure, 
low heat flux, and large bubbles; whereas bubble migration under these conditions cannot be extrap- 
olated directly to behavior under PWR or BWR conditions. In any case, after the sudden growth of a 
bubble at a heat-transfer surface, liquid inertia will tend to pull the bubble away from the surface. 
The horizontal shear force associated with high coolant velocity will cut the bubble close to the sur- 
face, introducing cooler liquid. Collapse of the remaining bubble will still produce a large thermal 
fluctuation. 


VBWR Data 


The relevance of VBWR data to BWR’s in general has been confirmed,'s? as noted previously. 

Figure VI-1, showing decreases in total elongation of stainless steel with increasing neutron 
exposure (hardly a revelation), surely does not constitute a summary of the ‘‘behavior of stainless 
steels in water cooled nuclear reactor environments.” For that matter, total elongation is not even 
a suitable measure of cladding ductility. I suggest that the relevance of the figure to the Bernath and 
Colston mechanism for failure is obscure at best. 

The addition of boron to stainless steel does not compromise strength.? Fuel-element integrity 
in any event is not a unique function of cladding strength. Moreover, the exposure to date of Elk 
River fuel elements is insufficient to disprove the generalization that boiling-water environment is 
detrimental to stainless-steel cladding. 


R. J. Allio, Manager 
Materials and Processes Development 
Westinghouse Atomic Power Division 


Re-Rebuttal: Readers Can Decide Relevance 


We are faced with the onerous task of affirming the factual and rejecting the extraneous and 
misleading from Allio’s rebuttal. The difficulty arises from the fact that Allio’s original letter was 
propaganda and, as such, was a melange of fact and ‘‘smoke-screen’’ against all BWR’s. 

Allio’s rebuttal, Refs. 21 and 22, in fact, confirm our position by stressing the importance of 
the coolant environment. Allio has extracted, out of context, one statement to support his position, 
namely, ‘‘Contrary to initial expectations, Type-304 stainless steel clad fuels have proven unsatis- 
factory for boiling water reactor service above peak exposures of 15,000 Mwd/tonne.’’ He fails to 
note, in the same sources, that ‘‘Type-304 stainless steel clad was found susceptible to intergranu- 
lar cracking in at least some waler-reactor environments,’ and he omits the table in Ref. 21, which 
shows that four BWR's have been operated to between 7500 and 17,000 Mwd/metric ton exposures 
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and that these are continuing to perform satisfactorily. Allio prefers to cite the VBWR experience 
as typical, to the possible embarrassment of the GE- San Jose people, who cannot fully defend 
themselves without admitting to a very cavalier treatment of the pertinent mechanical properties 
of the cladding as well as of coolant purity requirements. This may have been deliberate on the part 
of GE—at the initial of the VBWR tests, it was desired to show that no special care was required. 
It was precisely this situation that prompted us to cite the facts omitted by Allio and to present an 
objective assessment of the VBWR results. 


1. System Pressure 


Allio cites the existence of a 0.003- to 0.006-in. diametral gap between fuel and cladding to 
support his contention of the beneficial effects of increased system pressure. What he does not 
consider is that the cited gap exists only in the cold, as-fabricated condition; simple calculation of 
the differential expansions of UO, and stainless steel, at operating conditions, shows that at zero 
burnup this gap disappears and that as much as 0.1% strain may be imposed on the cladding. Thus 
fuel growth or swelling with increasing exposure is most pertinent to the discussion, refuting Allio’s 
opinion that it is not relevant. In fact, Allio’s coworkers agree (see page 320 of his Ref. 24) that 
dimensional stability of UO, (which determines the stress condition of the cladding with increasing 
burnup) is a function of such parameters as ‘‘burnup, heat rating, fuel density and grain size, and 
clad restraint.’ 

As Allio points out, our original Ref. 2 was subject to interpretation. Obviously then, his state- 
ments that we have misinterpreted the reference are his opinion and are very much open to question. 
There is, however, significant merit to his further comments, namely, ‘‘Stress state in the speci- 
mens tested will be determined by the sum of residual stresses...’ It was to summarize these ef- 
fects, plus the effect of water chemistry and irradiation, that we included our figure of ‘‘obscure”’ 
relevancy. 


2. System Chemistry 


Allio’s allegation that ‘‘the presence of chloride was implicit in my observation, etc.’’ cannot be 
accepted, as repeated reading of his original letter fails to substantiate any appreciation of the ef- 
fects of chloride ion. He glosses over his misconceptions relative to oxygen concentrations in BWR’s 
and implies that vapor-phase stress corrosion is observedunder high coolant purity conditions. 


3. Corrosion-Product Deposition 


Allio not only ignores the evidence we cited, but he also distorts the direct findings of his co- 
workers (his Ref. 24). The experimental evidence he cites is based on five out-of-pile tests at low 
bulk velocity and relatively low heat flux, in which ferrous hydroxide was injected to simulate in- 
reactor corrosion; the validity of this simulation is unsubstantiated. The results obtained are highly 
suspect since calculation of the density of the deposit (page 4.32 of Ref. 24) indicates a value of ap- 
proximately 0.5 g/cm? rather than the customary one of approximately 3 g/cm, a factor of 6 that 
cannot be explained. The results show (page 4.42 of Ref. 24) that when vigorous boiling occurred (the 
1000-psi test condition) the pressure drop across the test section decreased, confirming a significant 
removal of deposited material (scouring action ?). 


4. Local Thermal Stresses 


Allio persists in his belief in the existence of large local thermal stresses in boiling. To but- 
tress his case, he equates the “low heat flux and pressure’’ of the pool boiling data he cited [10,000 
to 30,000 Btu/(hr)(sq ft) and atmospheric pressure] with our Ref. 12, channel flow data [~ 100,006 
Btu/(hr)(sq ft) and 200 psi); the ratio of liquid-to-vapor density in these two cases, which is a para- 
mount factor in bubble dynamics, differs by more than an order of magnitude, 1600 in the former 
and 124 in the latter. Allio insists on ‘‘sudden growth of a bubble at a heat transfer surface’’ while 
ignoring the effects of high coolant velocity to keep bubbles small and to move them along the 
surface during their growth cycle. Collapse ofthe bubble, which can only occur in subcooled nucleate 
boiling, may produce a ‘‘thermal fluctuation,” but such collapse occurs in the bulk of the fluid, not 
at the surface! 


VBWR Data 


The relevance of VBWR data to BWR’s in general and of our figure showing the total elongation 
of stainless steel with increasing neutron exposure is discussed in the second paragraph. 

We do wish to thank Mr. Allio for his one useful comment. We agree that the addition of boron 
to stainless steel does not compromise the strength. We inadvertently used the word ‘‘strength."' 
instead of “‘ductility.’’ The pertinence of our comment concerning the Elk River cladding is, however, 
substantiated in Allio’s Ref. 25. It is shown in this reference that irradiated boron stainless steel 
shows lurge (70 to 90%) decreases in elongation after irradiation with the degree of deterioration in- 
creasing with thermul-neutron exposure and concentration of boron. We are sure that Mr. Allio is 
also aware of the recent work in this field.2& 2? 
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An argument such as this can only deteriorate— my father can lick your father— to the point 
where even the interpretation of the same results can be disputed with vehemence. We suggest, 
therefore, that only the individual readers of our comments can decide relevance and that each will 
utilize the discussion to delve into the referenced material to the extent of his immediate interest. 

Again, we thank you for the opportunity, via publication of our letter, to present what we feel 
iS a more objective interpretation of the VBWR results. 


L. Bernath and B. W. Colston 
Atomics International 


Editors’ Comment 


Inasmuch as the objectives of Power Reactor Technology are to call its reactor- 
designer readers’ attention to data of concern to them —and to venture interpretation and 
evaluation in the form of opinions as to the applicability of the data— we particularly 
welcome contributions from readers that either offer their original evaluations or 
interpretations that differ with those expressed in articles or letters in our issues. We 
believe the usefulness of our pages will be enhanced by expressions of differing opinions, 
which in turn will encourage our authors to venture and verify their interpretations more 
vigorously. AS more data become available to substantiate or refute evaluations presented 
in our pages, we hope that readers will call them to our attention. In this light, we thank 
Messrs. Allio, Bernath, and Colston for their useful exchange and invite other readers to 
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/apor Traps Protect 
iquid-Metal Systems 


y David H. Thompson 


astruments and equipment in liquid-metal sys- 
əms are damaged if the liquid-metal vapor 
ntrained in the inert cover gas condenses out 
n them. Vapor condensation also can plug gas 


their use and the need for improved technology 
for future reactors. Experience with traps for 
static systems also is discussed briefly in con- 
nection with fume traps for spent-reactor-fuel 
melt-refining furnaces. 


Trapping Principles 


Among the phenomena that have been studied 
for vapor traps are Stagnation, impingement, 
condensation, adsorption, chemical reaction, 


Table VII-1 PRINCIPLES OF CONDENSING VAPOR TRAPS 


Type (und temperature) 
Configuration 
Maintenance of operation 
Examples 


ACCUMULATING CONDENSER (outlet gas cooler than vapor freezing temperature) 


Impingement — condensing type 


Cylinder filled with mesh, shot, or liquid NaK; trap is cooled by natural or forced 


convection 


Heated to remove accumulated Na when trap plugs — or replace trap internals 
EBR-I, EBR-Il, Fermi, SRE, Hallam, SCTI, FARET, SEFOR, S1G 


Stagnation- condensing type 


Lengths of relatively large diumeter pipe 


Heated to remove accumulated Na when trap plugs 


STF, LAMPRE 


CONTINUOUSLY REFLUXING CONDENSER (outlet gas slightly hotter than vapor 


freezing temperature) 


Impingement — condensing type 


Cylinder filled with mesh, shot, and/or baffles 
After liquid metal agglomerates on trap surfaces, it runs off and is returned 


to system 


FRCTF, Pratt & Whitney research, ANL research 


‘upply, vent, or instrument lines. Traps that 
vill prevent such damage or plugging are in- 
stalled in the gas circuits of liquid-metal sys- 
ems to remove the metal vapor. 

We will consider here the principles of such 
raps, early versions, the variety of types and 
ways they are used in reactors and other dy- 
lamic systems, some recent developments, and 
-onclusions and recommendations concerning 


and repulsion. Vapor traps now used indynamic 
systems depend on condensation to remove 
liquid-metal vapor from the flowing inert gas; 
stagnation and impingement also are involved 
in trap operation. Table VII-1 summarizes the 
features of such traps. 


In a condensing vapor trap, natural- or 
forced-convection cooling reduces the tempera- 


260 POWER REACTOR TECHNOLOGY 


ture of the inert gas passing through, which 
results in the metal vapor condensing on sur- 
faces within the trap. The amount of metal 
vapor that passes through such a vapor trap is 
a function of the vapor pressure of the liquid 
metal at the trap outlet temperature —and is 
extremely small if gas temperatures are kept 
near the metal freezing point. 


In impingement —condensing vapor traps, the 
extended surfaces formed by the mesh, shot, or 
baffles force the vapor-laden gas to follow a 
tortuous path, which promotes both heat trans- 
fer from the gas and condensation of the metal 
vapor. 


In stagnation—condensing vapor traps, the 
relatively large-diameter lengths of pipe lack 
the extended-surface inner packing or fill of 
the impingement—condensing vapor traps. They 
operate most satisfactorily in systems that 
have slow flows of relatively cool gas. 


Early Versions 


In early work with sodium and NaK experi- 
mental facilities, it was postulated that the rel- 
atively large amount of sodium and NaK en- 
trained in the gas was caused by the formation 
of a stable sodium or NaK aerosol that did not 
readily condense onto the surfaces over which 
it passed.! Another theory suggested that oxy- 
gen present with the inert gas reacted with the 
sodium vapor to form a Stable aerosol of so- 
dium oxide. The conditions required for aerosol 
production and the nature of the aerosol itself 
still are not fully understood. However, ifaero- 
sol is present in the cover gas of liquid-metal 
systems, it apparently is not present in con- 
centrations large enough to influence vapor- 
trap effectiveness. 

Some attempts at vapor trapping included 
experiments with a copper-coil condenser, an 
electrostatic precipitator, and a NaK bubbler.! 
Gas flow through these devices ranged from 130 
to 1560 cu in./hr, and vapor was produced by 
passing purified argon over a 1500°F sodium 
pool. The room-temperature NaK bubbler op- 
erated effectively over the entire flow range 
(maximum velocity was ~1 ft/sec), but thecon- 
denser (a 16-turn 2-in.-diameter coil of '4-in. 
copper tubing maintained at 235°F in an oil 
bath) allowed vapor to pass at high gas flows. 
The electrostatic precipitator was the least ef- 
fective vapor trap for dynamic conditions, butit 
proved satisfactory under static conditions. In 
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work predating the Sodium Reactor Exper- 
ment (SRE), it was shown that the Stainles- 
steel wool- or mesh-filled trap could be w: 
effective,? but these experiments showed t- 
effectiveness depends on gas temperatures = 
flows. 


Gas Systems, Trap Applications 


Much of the developmental effort on vap 
traps has been directed toward a particu 
system or systems for individual reactor pr: - 
ects. Thus most of the concepts, design deta: 
and experience with them have not been report: 
in the literature. Because of the increas: 
need for dependable large fast reactor syster: 
it is worthwhile to describe in some detail t- 
inert-gas blanket systems and vapor-trap —- 
Stallations at a number of liquid-metal-co.u-: 
facilities. In this discussion no attempt is me- 
to distinguish between aerosol and vapor or: 
define the exact nature of the trapping acti<. 
whether it be technically termed a filter, trs:. 
or -condenser. 


EBR-I, EBR-II, FERMI 


These first-generation breeder reactors u: | 
metallic fuels and have reactor-coolant-out-- | 
temperatures of less than 900°F. AU thre | 
reactors have argon as the inert cover gas | 
the primary coolant system, and the gas-sup: — 
system of each was constructed with NaK- / 
bubbler type purification units followed br - 
stainless-steel wool- or mesh-filled vapor try. 
However, because the Experimental Breed: 
Reactor No. 2 (EBR-II) facility is supplied w= ` 
relatively pure liquid argon, rather than bottle’ 
argon as originally proposed, the NaK-bubbir: 
purifier has not been operated. At the Exper: ; 
mental Breeder Reactor No. 1 (EBR-D), t: 
primary-system cover gas was continuous: 
recirculated, whereas, at both EBR-U andit 
Enrico Fermi Fast Breeder Reactor, the covr:- 
gas systems are operated on a demand t- 
basis and provide for recovery and recircuw: 
tion of the gas transferred from the prim.’ 
vessel, 


-æ _ 


EBR-I. Because EBR-I used NaK, which - 
liquid at room temperature, as both the p-- 
mary and secondary coolants, there was onl 
limited need for vapor traps. During operau- 
a continuous downward flow of argon gas threcz ' 
the reactor top plate was maintained to reur 


| 
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ipward diffusion and condensation of NaK vapor 
yn the surfaces near the top of the vessel. The 
NaK vapor was removed from the recirculating 
argon primary cover gas by a centrifugal sep- 
arator and strainer near the inlet tothe parallel 
centrifugal blowers.’ The strainer tank, approx- 
imately 2 ft in diameter and 4 fthigh, was fitted 
1ear the bottom with a perforated plate and was 
‘illed with steel wool. In operation the oxides 
and NaK liquid trapped in the strainer formed 
2 semisolid mass that allowed little liquid to be 
withdrawn during draining attempts. When flow 
through the strainer became restricted, rapping 
the tank with a hammer was sufficient to restore 
free flow. This strainer fulfilled the EBR-I 
trapping requirements, without replacement, for 
‘he operation of all four cores. In addition to 
this strainer, asmall-diameter stainless-steel- 
mesh-filled trap was installed ahead of the pis- 
‘on type positive-displacement depressurizing 
sump in the gas-transfer line. 


Fermi. In addition to the purification-unit 
vapor trap, Fermi has (1) a Dowtherm-cooled 
vapor trap in the gas-recirculating system, (2) 
a vapor trap in the line to the fission-product 
letector, and (3) lengths or coils of pipe used 
aS vapor traps in the gas lines having slow 
‘lows, such as instrument lines. The Dowtherm- 
200led vapor trap and other components of the 
recirculating gas system are located in the 
Fermi inert-gas building; gas is conveyed from 
the reactor building to the inert-gas building 
‘through a _ resistance-heated gas line in an 
inderground tunnel. In the gas building the gas 
‘lows into a 500-cu ft vacuum tank, then to the 
Jowtherm-cooled vapor trap, which protects the 
sompressors from liquid-metal entrainment. 

As shown in Fig. VII-1, this trap consists of 
3 26-in.-OD inner shell that is surrounded by a 
41.5-in.-OD outer shell charged with Dowtherm 
A as coolant. The contacting surface of the 
zapor trap is increased by a 6-ft section of 
stainless-steel wool enclosed between perfo- 
rated baffle plates. Downstream from the vapor 
‘rap is a cyclone separator, followed by three 
yas compressors in parallel. Although the line 
Jownstream from the vapor trap is not equipped 
with a Sampling means to check trap effective- 
1ess, there has been no evidence of sodium 
reaching the compressor diaphragms, which are 
shanged periodically. 


The EBR -II primary-gas system, like that of 
Sermi, operates on a demand type basis, with 
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Fig. VII-1 Fermi vapor trap in gas recirculation 
system bubbles argon through NaK and passes it 
through stainless-steel wool; water-cooled Dowtherm 
in annulus cools trap and gas.‘ 


the primary-tank argon pressure controlled by 
a floating-head tank. When gas volume changes 
because of temperature fluctuations, the floating 
head in the tank moves to maintain the cover- 
gas pressure constant. 

Figure VII-2 shows the two stainless-steel- 
mesh-filled vapor or aerosol traps in the EBR- 
II argon cover-gas system.” These traps are not 
equipped with heaters, and therefore, if plugging 
occurs, the gas flow can be rerouted through a 
bypass line to keep the system operative while 
the traps or their mesh are replaced. Gas dis- 
charged from the primary tank passes up 
through a cleanout or access flange, then 
through the small vapor trap, through a silicone- 
oil-cooled heat exchanger that cools the argon 
to 150°F; then it passes through the large vapor 
trap and on to the floating-head tank. If the 
volume change exceeds the capacity of the 
floating-head tank, one of the two parallel 
blowers pumps gas into the argon receiver tank 
for future use (the second blower is a standby 
unit). 

The traps see little flow except when the sys- 
tem is purged. When the primary tank was 
purged with the system still at approximately 
700°F, the small vapor trap became plugged. 
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Fig. VII-2 EBR-II vapor or aerosol traps for primary-system argon are packed with stainless- 
steel mesh; heat exchanger in circuit between the traps cools the gas. 


When the operators removed the two-piece mesh 
packing through the flanged upper end of this 
vapor trap, they found that the lower section of 
mesh was plugged for approximately 1 in. from 
the mesh Surface near the inlet nozzle, but the 
remainder of the mesh packing was relatively 
free of accumulated sodium. Although the oper- 
ators removed the plugged-mesh piece and left 
only the upper piece of mesh in place, the trap 
has worked satisfactorily since. 


The EBR-II fueling machine is cooled by an 
argon system, most of whose components are in 
an area depressed beneath the main operating 
floor. This argon system, which is separate 
from the reactor cover-gas system, includes 


two turbine type blowers, a multiple-ti: 
natural-convection argon-to-air heat exchange: 
a stainless-steel-mesh-filled vapor trap, i 
two molecular sieves in parallel. The van 
trap and molecular sieves, which are beds ` 
crystalline sodium aluminosilicate pellets, r— 
move vapor and fission-product gases from t- 
argon drawn from the reactor vessel into t 
system piping during fuel-handling operation. 
As shown in Fig. VII-3, mounted on “- 
fueling-machine carriage are another lez-- 
shielded vapor trap and molecular Sieve, sit: 
lar to the units in the argon system, for tre.’ 
ing argon that is drawn directly into the fuelz- 
machine. Subassembly-heated argon (210 
450°F) from the fueling machine passes thro: 
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Fig. VII-3 EBR-II fueling machine has shielded vapor trap and molecular sieve to remove vapor 
and fission-product gases from argon drawn directly into machine.’ 


200-in.-long flexible hose to the heat ex- 
hanger, is cooled to approximately 100°F, and 
aen enters the main turbine type blower (the 
maller blower serves as a Standby unit). 


The vapor trap on the fueling machine has 
artially plugged once. Inspection revealed that 
1e stainless-steel mesh had not plugged, but 
1e lower opening of the gas-inlet tube had be- 
ome blocked by sodium that had condensed 
nto the trap cold internal surfaces beneath the 
1esh. 


The vapor trap in the depressed area also 
as plugged once. Operation was restored by 
emoving the flanged outlet end of this horizon- 
ally installed trap and replacing the stainless- 
teel-mesh packing. When one of the turbine 
ype blowers was disassembled recently to cor- 
ect a manufacturing error, a fine white powder 
vas Seen in the piping and blower. This sub- 
tance has not been analyzed, but its talcum- 
lowder texture indicates that it is probably 


powder from the pellets in the molecular sieves 
and not sodium oxide. 


Fission-Gas Monitor. When difficulty was ex- 
perienced in obtaining vapor- and aerosol-free 
gas samples for the EBR-II fission-gas monitor 
that detects fuel-cladding failures, an 8-in.- 
diameter vapor trap containing a 4-in. thickness 
of stainless-steel mesh was installed in the gas 
line to the monitor and has operated satisfac- 
torily. Argon enters this trap at 230°F and 
leaves at ambient temperature; gas flow is less 
than 200 cm?/sec. 


SRE, HALLAM, FARET, SCTI 


These facilities can operate at temperatures 
up to 1200°F, where the vapor pressure is ap- 
proximately 20 times greater than at 900°F, 
This is reflected in a wider use of vapor traps 
at these facilities than at EBR-I, EBR-II, or 
Fermi. 
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Hallam. Approximately 10 vapor traps are 
used in the primary and secondary sodium sys- 
tems of the Hallam Nuclear Power Facility. As 
shown in Fig. VII-4, these traps are con- 
structed with a 10-in.-diameter pipe within a 
12-in. pipe fitted with pipe caps; vapor-laden 
gas enters the annular region and flows hori- 
zontally through the mesh, reverses direction, 
passes through the interior cylindrical volume, 
then exits through the outlet nozzle. These traps 
are equipped with heaters to melt the accu- 
mulated sodium when plugging occurs or when 
the rising pressure drop across the vapor trap 
indicates that the trap is becoming plugged. 


Wire mesh (12-15 1b/cu ft) 





Fig. VII-4 Hallam vapor traps pass vapor horizon- 
tally through stainless-steel mesh in annular region, 
then through interior cylindrical volume; cooling is 
by natural convection. Heaters melt sodium when 
plugging occurs." 


The criterion for designing the Hallam vapor 
traps was to provide sufficient heat capacity 
and heat-transfer surface in the trap that the 
heat from the gas passing through the trap 
could be absorbed and dissipated rapidly enough 
to cool the gas below the melting point of so- 
dium. Summary evaluation of the Hallam traps® 
indicates that “Operation of the vapor traps, 
installed in the system to prevent sodium vapor 
from entering and clogging the helium lines, has 
been satisfactory except at high reactor venting 
rates, such as when control-rod thimble leaks 
developed. Trap design and efficiency should 
provide many years of satisfactory maintenance- 
free Service, but consideration should be given 
to the installation of more heaters.” 

The vapor trap in the reactor vent line 
plugged about four times during Hallam opera- 
tion.’ To unplug the trap, personnel entered the 
primary-system pipe gallery to insulate the 
plugged trap, which then was heated until suffi- 
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cient sodium melted and drained to restor. 
proper operation. The melted sodium draine: 
directly into the liquid-metal system throu: 
the trap inlet nozzle. Although the plugging œ- 


curred during changes in reactor-operati: | 


conditions, no reactor shutdowns were cause 
specifically by the plugging of a vapor trap. í 
it had been necessary to shut down the reacte: 
specifically to unplug the vent-line trap, an af- 
proximately 10-day waiting period would har: 
been required for the radioactivity of the sodiuz 
in the primary pipes to decay enough for pe:- 
sonnel to enter the gallery. 


SRE. Atomic International’s SRE at Sanz 
Susana has mesh-filled vapor traps (one in t: 
primary system, two in the secondary). A- 
though SRE has operated without the trap bt- 
coming plugged, when the reactor vent line wi: 
removed for system modifications, it was ds- 
covered that approximately two-thirds of t 
cross-sectional area within the vent pipe wz: 
blocked with sodium. Nevertheless, the origin:. 
mesh-filled vapor trap in the SRE primar 
system has been retained in modifications m2i: 
recently to improve plant reliability and t: 
permit reactor power to be increased from à 
to 30 Mw, with reactor-coolant temperatur: 
raised from 960 to 1200°F. 


SCTI. The vapor traps for the Sodium Cor- 
ponents Test Installation (SCTI) at Atomic b- 


ternational’s Santa Susana site differ from thos: 


at Hallam because of uncertainty concernic: 
the flow rates through the SCTI gas system. 
The cylindrical SCTI vapor traps are 6 in.= 
diameter and 3 to 4 ft high. Installed vertical. 
they are filled with '/-in.-diameter steel sh: 
to increase the heat capacity. 


FARET. Vapor traps in the Argonne’s Fa 


Reactor Test Facility will be of the anm: 


design, similar to the Hallam traps, but the s=: 


flow will be reversed so as to use the quiesce” | 


central volume of the trap as a refluxing cæ- 


denser before the vapor-laden gas pass:: 


through the annular mesh. The design object: 


is to cool the outlet gas below 200°F regardle:: 
of whether the gas system has a slow flow ~ 


hot gas (to satisfy normal “breathing” requirc- 
ments) or a fast flow of cool gas (such as duru- 
purging). As shown in Fig. VII-5, these tr; 
will be installed with the longitudinal axis :-- 
clined 10° from the horizontal to facibts’: 
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raining; they will be covered with 1-in.-thick 
nsulation. 

FARET vapor traps will be located in the 
rgon supply and vent lines for the main sec- 
mdary sodium system, auxiliary secondary 
Odium system, wet-fuel-storage tank, NaK 
‘rain tank, wet-fuel cooling system, and reac- 
Or-annulus drain tank—as well as on the 
rgon supply line for the main primary sodium 
ystem and on the vent of the drain tank in the 
rimary sodium system, 


304SS wire mesh 





“ig. VII-3 FARET vapor traps, like those at Hal- 
am, will be of annular design, but argon will flow 
irst through quiescent central zone (which will serve 
s a refluxing condenser) before passing through 
nesh-filled annulus; 10° inclination will facilitate 
‘raining sodium.?° 


The coolant-gas-system equipment for the 
“ARET fuel-handling machine, including the 
ompressors, filters, vapor trap, heat ex- 
hangers, and argon supply tank, will be lo- 
ated in the transfer tunnel beneath the oper- 
ting floor of the primary-containment cell and 
rill be connected to the carriage of the fuel- 
andling machine by flexible metal hoses ap- 
roximately 50 ft long. For this system the 
inctions of vapor trap and heat exchanger will 
e combined in a Single unit that has an am- 
aonia evaporative coil immersed in NaK main- 
ained at 40°F; it is designed for gas flows of 
p to 60 cfm. 


TF, LAMPRE, FRCTF 


Los Alamos Scientific Laboratory has had 
otable success using stagnation type vapor 
raps on its 2-Mw Sodium Test Facility and the 
Los Alamos Molten Plutonium Reactor Ex- 
eriment.!! These facilities are relatively 
‘mall, tight systems that do not require high 
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gas flows and in which the gas is drawn from 
system locations where the sodium tempera- 
tures are relatively low. In general, the stag- 
nation type vapor traps are pipes 4 to 5 ft long 
and greater than or equal to 3 in. in diameter 
that connect the liquid-metal system with 
Smaller diameter gas piping. The traps are 
equipped with heaters to clear accumulated 
sodium when necessary. 

The gas system of the Los Alamos Fast Re- 
actor Core Test Facility is designed to recir- 
culate the primary-system cover gas continu- 
ously. For this higher gas-flow system, it is 
planned to use continuously refluxing impinge- 
ment type vapor traps.!2 Each of these reflux 
condensers will consist of a l-in. pipe whose 
30-in. length will be filled with !1#-in.-diameter 
stainless-steel balls. In the annulus between 
this l-in. central pipe and an outer 2-in. pipe 
will be NaK that is cooled by air or water to 
maintain the outlet gas at approximately 300°F. 


SEFOR 


Vapor traps for the Southwest Experimental 
Fast Oxide Reactor, being designed by the 
General Electric Company for construction in 
Arkansas, will be 2- to 8-in.-diameter pipe sec- 
tions that are packed with stainless-steel mesh 
for lengths’? of approximately 18 in. These 
configurations, which were chosen as the re- 
sult of General Electric experience with sodium 
loops and with the prototype power plant for 
the nuclear submarine Seawolf, are sized to 
maintain gas velocity less than 1 ft/sec. Al- 
though the larger traps will be equipped with 
heaters, sufficient heat is expected to be trans- 
ferred through the short lengths of pipe be- 
tween the vapor sources and the smaller vapor 
traps that heaters will not be required on these 
units. 


LARGE TREAT SODIUM LOOP 


The large sodium loop in the Transient Re- 
actor Test Facility, located at the National 
Reactor Testing Station in Idaho, will be used 
to test unirradiated and preirradiated fast re- 
actor fuels to failure under variable coolant 
temperature and flow conditions. 

Possible contamination will be localized dur- 
ing fuel tests by operation of the loop ona 
once-through mode —sodium coolant will flow 
from a storage vessel through the test section 
and then to a dump vessel. A (vapor-trapping 
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demister, molecular sieve, and liquid-nitrogen- 
cooled charcoal trap in the gas system remove 
gaseous fission products and entrained sodium 
Or sodium vapor from the helium cover gas 
transferred between vessels during the once- 
through flow. The demister is constructed of a 
12-in. length of 4-in.-diameter pipe fitted with 
knitted stainless-steel wire mesh having a bulk 
density of 20 lb/cu ft; the molecular sieve is a 
9-in.-deep bed of 4-in.-diameter sodium alu- 
minosilicate (Linde 4A) pellets in an 8.5-in.- 
diameter container. Neither the demister nor 
the molecular sieve has heating or cooling pro- 
visions but are valved and flanged for replace- 
ment when necessary. Gas transfer through the 
system may reach 20 cfm at temperatures up 
to 900°F but will be sustained for a duration of 
only several minutes. 


MELT-REFINING FURNACES 


In conjunction with the development of the 
melt-refining process for purifying discharged 
EBR-II fuel, screening tests were conducted to 
determine the capability of various materials 
to trap alkali-metal vapors‘ as hot as 1470°F. 
Although the application was to statically trap 
sodium vapors and other condensible volatiles 
released by the melt-refining process, the 
materials were tested in a dynamic system. 
Argon gas was bubbled through a vaporizer 
containing a shallow pool of alkali metal and 
then through the bed material until break- 
through occurred; breakthrough was detected 
by white oxide fumes formed when the un- 
trapped metal vapor reacted with oxygen at the 
end of the bed. The tests indicated that simple 
condensation alone is ineffective for retaining 
vaporized sodium but that nearly all surface- 
active materials, such as molecular sieves, 
activated carbon, and activated alumina, were 
effective. 

Although molecular-sieve beds initially were 
used as fume traps for the EBR-II fuel melt- 
refining furnaces, their maintenance in a re- 
motely operated plant would require additional 
handling equipment. Thus a simpler disposable 
fume trap was sought. Tests of an absorber 
type trap consisting of a molded, porous Fiber- 
frax (aluminum silicate ceramic fiber) cup 
showed it to retain sodium vapors quite ef- 
fectively.15.16 This trap works on the principle 
of absorption and chemical reaction of the 
sodium with the trap surface; the reacted layer 
can be seen in Fig. VII-6. 
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Fig. VII-6 Melt-refining-process development »!. ` 
for reprocessing spent EBR-II fuel showed tix. 
porous Fiberfrax molded cup effectively traps so:..: 
vapor by absorption and chemical reaction. 


Recent Developments 





Recent research on vapor traps has bc: 
reported by Pratt & Whitney (CANEL) and ©. 
Argonne National Laboratory (ANL), with bct 
efforts directed toward developing continuousi. 
refluxing vapor traps. 


P&W. The lack of suitable design criter.. 
can be seen in recent developmental work c 
vapor traps that was being conducted for t: 
Lithium Cooled Reactor Experiment (LCRE). 
Gas-system tolerances were to be defined :: - 
result of long-term system testing, but, u- 
fortunately, this work ceased when the LCF: 
project was terminated. 

Four separate operating regimes had w: 
defined for the LCRE vapor-trap tests: 
1000°F lithium vapor in 60 to 100 cu ft of *- 
lium per hour, (2) 120 to 1000°F lithium vas: 
in approximately static helium, (3) 700 ` 
1000°F NaK vapor in 30 to 50 cu ft of heL- 
per hour, and (4) 100 to 300°F NaK vapor- 
approximately static helium. Air- or nitroge:- 
cooled traps were being developed to prev 
more than an arbitrarily chosen 2-ppm : 
weight) vapor carry-over; screening tests we> 
made on a number of vapor-trap designs, :- 
cluding shell-and-tube heat exchanger, bati 
continuouS-refluxing bubbler, mesh-packed. «= 
helical-fin types. Most» promising of these 1- 
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e continuous-helical-fin type vapor trap. Thus 
ve helical-fin vapor traps were fabricated for 
sts to determine how helix pitch (4 to Á in.) 
id fin-surface slope affect trap performance; 
g€- VII-7 describes their geometries. These 
thium tests showed the trap with '4-in. pitch 
be the most efficient: approximately 80% for 
00°F lithium and approximately 99% for 
100° F Nak; Fig. VII-8 shows this trap. Figures 
1-9 and VH-10 show the transparent housing 
r visually observing condensation in the 
‘lical-fin vapor traps and the tendency of the 
mndensed liquid metal to agglomerate before 
raining back to the vapor source. 
Stringent gas-purity requirements for the 
CRE were to be met by the use of various 
>ttling, impingement, and filter devices down- 
‘ream and in series with the '4-in.-pitch 
2lical-fin trap. Mesh-filled settling chambers 
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‘ig. VII-7 When LCRE vapor-trap screening tests 
ıdicated that continuous-helical-fin type refluxing 
rap promises best efficiency, five such traps were 
uilt to test effect of helix pitch and fin slope. Fins 
f one trap were conical and on '/-in. uniform pitch. 
‘lat fins on each of other three were uniform t4, th, 
nd *⁄% in.; Fig. VII-9 shows the fifth trap, whose flat 
ins had nonuniform pitch.!8 
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Fig. VII-8 Most efficient of the vapor traps tested 
by Pratt & Whitney for LCRE lithium vapor in helium 
was helical-flat-fin type trap having '/4-in. uniform 
bitch.!8 


were tested with the helical-fin traps for about 
400 hr, but the LCRE termination prevented 
completing these evaluation tests. 


ANL. Recent work on the development of a 
1200°F sodium vapor trap at ANL has been 
reported.!? Two experimental vapor traps were 
constructed. Figure VII-11 shows the second, 
mechanically improved vapor trap. It was tested 
with gas flows up to 40 cu ft/hr from a sodium 
tank maintained at 1200°F; vapor-removal ef- 
ficiency was as high as 99.8%. Sodium con- 
densation rates were determined by radiography 
of a calibrated U-tube beneath the vapor-trap 
inlet. At a gas flow of 20cuft/hr, the condensa- 
tion rate was 13.6 cmš/hr; it increased to 86 
cm?/hr when gas flow was 40 cu ft/hr. 

These test results indicate that vapor-trap 
configuration and temperature can~be adjusted 
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Fig. VII-9 Pyrex transparent shell permits ob- 
servation of nonuniform pitch of this helical-flat-fin 
trap: t in. for middle 3 in. of helix, '/ in. for next 
3.5 in. upper and lower, and ¥/, in. for top and bottom 
ends. 





Fig. VII-10 Condensed liquid metal in helical- 
fin trap tends to agglomerate on fins before drai 
back to vapor source, which in this case and imla 
VII-9 was 1000°F Nak; photographs were tr 
after trap operated 5 hr. 
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Fig. VII-11 Refluxing type impingement-—condes* 
trap being developed at Argonne for 1200°F soi 
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provide continuous refluxing of sodium vapor. 
| addition to avoiding trap plugging, this would 
rmit reducing trap size and cost. But this 
lap would not operate satisfactorily if the gas 
bntained an oxide aerosol because oxide ac- 
umwulation on the limited condensing surface 
puld plug the trap. 
I A larger trap with a 2-in. inletis being tested 
ow. It has operated for about 650 hr at 570°F 
1d 800 hr at 1020°F. The major operating 
roblem has not been with the vapor trap, but 
ith maintenance of the tank heaters. 


ecommendations for System Design 


Vapor traps should be located near the vapor 
ources to minimize sodium plugging or ob- 
truction of gas lines. However, because traps 
dr handling appreciable gas volumes are rather 
ulky, and space within containment cells is 
ften at a premium, traps cannot always be 
ositioned next to sodium-containing vessels. 
‘hus system designers must ensure that the 
as piping has enough heat capacity toovercome 
iquid-metal accumulation and plugging and that 
he entrapped liquid metal can be drained from 
he piping. 


Trap Design. Field experience with replace- 
ible mesh-filled vapor traps indicates that 
lugging occurs in a small volume of the mesh 
iear the gas inlet and that most of the mesh 
rolume in a plugged trap remains relatively 
ree of liquid-metal accumulation. This ex- 
erience suggests that trapping capacity might 
’e improved by the use of graduated-density 
ir zoned-density packings. Another improve- 
nent on current practice might be to increase 
he frontal-area-to-volume ratio of the mesh 
yacking, such as by arranging the mesh packing 
na relatively thin annulus through which the 
ras would pass radially. 


conclusions: Development Needed 


The mesh-filled vapor trap has found almost 
iniversal application in liquid-metal-reactor 
3ystems where large volumes of gas are trans- 
ferred. The operation of these traps can be de- 
scribed as tolerable or even acceptable, but in 
few installations have they proven to be com- 
pletely satisfactory. 

There has not been a Significant change in 
vapor-trap technology during the past decade. 
The early experimental work with vapor traps 
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covered almost the entire spectrum of devices 
that are being used now. The first impingement 
type units were purposely oversized to com- 
pensate for lack of adequate design criteria and 
uncertainties surrounding the nature of the 
sodium vapor or aerosol, and this approach 
persists today. However, the vapor-trapping 
requirements of liquid-metal-cooled systems 
continue to rise as system size and operating 
temperatures increase. Thus a comprehensive 
developmental program is needed to provide 
vapor-trap and reactor-system designers ade- 
quate information upon which to base their 
designs. 
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Power Reactor Technology 


Y\perational Problems 
nd Solutions 


Rolf C. Skaardal 


2actor designers should be interested to learn 
wat reactor operators have found out about 
eir products. Some reactor operational diffi- 
ilties traced to design, fabrication, and in- 
rection were reported at the Conference on 
eactor Operating Experience sponsored by the 
2actor Operations Division of the American 
clear Society (ANS). Some of the “nuts-and- 
)1ts” type problems are reported here. Most 
these involved hydraulically induced vibra- 
ons, corrosion, leaks in components, and 
mtrol-system peculiarities. Repair methods, 
mtrol of oxygen in heavy water, and changes 
research-reactor experimental facilities also 
`e of interest to operators and designers and 
erefore are taken into account in this review. 


ontrol Systems 


Difficulties have occurred with neutron-ab- 
yrber rods and control circuitry at various 
wer reactors. 


Control Rods. During a routine license test 
ith the Indian Point reactor shut down, one 
yntrol rod stuck when it was being inserted.! 
fter borating the water, cooling the system, 
id removing the vessel head, the operators 
und that a tapered stainless-steel pin (1% in. 
mg by %» to %⁄ in.) had wedged between the 
oper grid plate and a blade of the cruciform 
yntrol rod. They removed the pin, of unknown 
rigin, with a 19-ft-long slender wrench when 
ie control rod was jacked from below. 

Also at Indian Point, when it was time to 
emove the 12 boron—stainless-steel fixed shim 
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rods that had been installed in the first core to 
limit reactivity during the early part of core 
life, several blades were found to be stuck.! 
The rods were freed by partially removing, as 
a unit, all four fuel elements around each rod. 
The sticking was caused by considerable buck- 
ling of the rods, which apparently occurred 
because of radiation-induced growth of the shim 
blades relative to their rigidly attached non- 
borated stainless-steel tips. These shim rods 
had been in the reactor for only 189 effective 
full-power days. 


Specimens of Elk River reactor control rods 
of a similar material (2% boron—stainless 
steel) also suffered radiation damage, in this 
case, ductility loss.2 About a year after the 
plant reached full power, the control rod was 
replaced because tests on a specimen of the 
rod material indicated that it might no longer 
meet the.technical-specification requirement of 
3.4% elongation. However, visual inspection of 
the removed rod showed no apparent mechani- 
cal damage. Studies are under way todetermine 
(1) how much rod embrittlement is tolerable 
and (2) whether periodically changing the core 
location of the rods to expose all rods uni- 
formly would be a more practical program than 
replacing each rod as it reaches its limiting 
ductility. 

When the nickel plating on the silver —indium — 
cadmium control rods of the Yankee reactor 
failed to protect the silver from corrosion, 
radioactive silver corrosion products circu- 
lated and deposited throughout the primary 
system. This caused maintenance problems, 
particularly during the first refueling. After 
the reactor pit was flooded (to provide shielding 
for the refueling crew) and the vessel lid was 
removed, the radioactive silver in the reactor 
water got into the pit water and plated out on 
the stainless-steel liner. To avoid the problem 
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thereafter, the operators replaced the original 
rods with hafnium rods. For two years they 
also have successfully used two experimental 
silver —indium—cadmium rods that are clad 
with Inconel and now have installed two new 
silver—indium—cadmium rods clad with stain- 
less steel. 


Chemical Shim. Yankee, like Indian Point, 
was designed to use boric acid solution in the 
coolant— moderator to reduce reactivity during 
cold shutdown. As an extension of this, during 
operation with the second core, the Yankee 
operators experimented with boric acid injection 
as a chemical shim method.’ Although the ex- 
periments were successful, for some unex- 
plained reason the boric acid in the operating 
reactor system was accompanied by higher crud 
concentrations and appeared to cause oxygen 
generation in the pressurizer. While the causes 
are being investigated, the solution at Yankee 
has been to arrange for degassing from the top 
of the pressurizer and recombination by re- 
injecting into the main coolant system with 
25 cm? of hydrogen per liter in the coolant. 


Temperature Sensor. The Elk River reac- 
tor experienced several spurious scrams 
caused by a malfunctioning temperature bulb 
and pressure switch.’ After tests indicated this 
equipment was sensitive to radiation, it was 
replaced by a thermocouple system. 


Level Control. When a water-level indicator 
in the Special Power Excursion Reactor Test 
No. 3 (SPERT-III) 2500-psi 650°F pressurizer 
reported that the water was more than 2 ft 
higher than it actually was, the electric heaters 
became partly uncovered and superheated the 
steam to 1000°F. This caused the pressurizer- 
vessel material to fail in creep and ruptured 
its seam weld.‘ The error illustrates the mutual 
dependence of instrumentation and mechanical- 
hardware designs. The Signal from a differ- 
ential-pressure cell was used to sense the 
water level. Compensation for the effect of 
density changes on the water-level indication 
was provided through a temperature signal 
received by the automatic controller from a 
Single sensor near the top of the normal water 
level. Unfortunately this signal did not recog- 
nize the water-temperature Stratification that 
occurred when certain operating conditions led 
to diminished internal circulation of the pres- 
Surizer water. 
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Reliable water-level control in the new p::-- 
surizer is to be obtained by (1) electric hea::.. 
staged to operate at different elevations s: _ 
to circulate the water by convection (hea: 
response is delayed only slightly) and (2) ùu. 
for the differential-pressure cell located = 
that the normal operating water level is 25 
the differential range above the bottom t 
Although this increases the safety marz 
temperature —density compensation is still ne.- 
essary for water levels other than normal. 


Electrical Circuit. Routine checks of ~ 
SPERT-OI scram circuit five years after ::- 
Stallation revealed abnormal operation and =- 
lay chatter. After wiring checks did not £ 
the cause, a complete evaluation of the systz> 
disclosed that electrical leakage to gro 
through faulty insulation could actuate re: 
that should be deenergized (such as the r.-- 
withdrawal circuit). This failure by leakage : 
ground occurred on leg a of the ““float-:- 
ground” power-distribution system (Fig. VIII-1 





Primary: Secondary: 
3 wire 3 wire 
3 phase 2 phase 


440 volts a.c. 110 volts a.c. 


Fig. VIII-1 Original power-distribution sckem: ' 
SPERT-III proved “‘fail-unsafe’’ when the uire - 


lation deteriorated, permitting a short circuil :: 


wiring to override the control-rod switch by £ 
tively shorting it closed.’ 


where the insulation on the wiring in t= 
control-rod drives was particularly suscepot. 
to deterioration because of exposure to vibri- 
tion, heat, and moisture. 

Because the leakage impedance Z on any . 
the three lines shown in Fig. VII-1 was max 
up of both the resistance path through śe- 
teriorated insulation and the strong inher::' 
Capacitance built into the a-c control syste: 
by its long wiring runs to ground, an accide:’ 
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uld result (because the switch S; is effectively 
Orted by impedance Z;, the relay R, cannot 
deenergized) if a failure to ground occurs 
ar point X in Fig. VII-1. Although R, isa 
O-volt relay, 60 volts will energize it, and 
will remain energized down to 45 volts. 
>spite the intention to design a fail-safe sys- 
m, the discovery that ground failures might 
t deenergize certain relays meant that the 
rstem was not, in fact, fail-safe. 
Because of the hazard, the control-system 
»wer-distribution circuit was modified as 
1i0wn in Fig. VIII-2 so that wiring deteriora- 
>n can be detected before serious conse- 
1ences result. The transformer neutral line 





ig. VIII-2 Modified circuit for SPERT-III alarms 
deteriorated insulation permits leakage to ground. 
hus insulation can be repaired beforea short cir- 
uit occurs and overrides the switch? 


was grounded through a current-limiting 
amp lL, in series with an ammeter M,. Any 
eakage to ground from either of the high- 
roltage legs a or c then completes the circuit 
ind causes current to flow through the lamp 
ind meter. Although this system cannot prevent 
aults, it does keep the reactor operator in- 
ormed as to the condition of the system and 
ro vides an alarm if an abnormality occurs. 

This ground-loop problem atSPERT-II taught 
several lessons applicable to any electrical 
3ystem. For instance, operators must bear in 
mind that the usual insulation checks are d-c 
measurements that will not detect capacitance 
paths, which are serious for a-c systems. De- 
signers must consider the operating character- 
istics of components, such as relays, and the 
likelihood of large capacitance in their leads. 
Because of the impossibility of deSigning a 
completely failproof system and the chance of 
practical problems such as insulation deterio- 
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ration, systems must be designed so that fail- 
ures will not have serious consequences. 

For more information on control experience 
discussed at the same ANS meeting, see 
page 221. 


Flow Oscillations 


The Elk River reactor’ has exhibited flow 
pulsations ever since the initial power-escala- 
tion runs in 1963. The oscillations, which are 
well defined and repeatable, apparently are 
caused by surges in the feedwater flow at 
around 50% of rated power. These flow oscilla- 
tions cause the reactor power to vary less than 
2.5%. Although the conditions are adjudged to 
present no operational hazard to the reactor, 
studies are continuing to permit better under- 
Standing of the phenomenon. 


Flow-Induced Vibrations 


Flow of the coolant at high speeds through a 
reactor can buffet components and cause them 
to vibrate and wear. Failures resulting from 
this at the Big Rock Point, Yankee, General 
Electric Test Reactor (GETR), and SPERT-II 
reactors emphasize the need for designers to 
assess potential vibration sources, components 
that are susceptible to such damage, and ways 
to keep broken items out of the pumps and the 
core. 

Excessive vibration loosened, and in some 
cases dislodged, bolts connecting fuel channels 
to channel support tubes in the high-power- 
density forced-circulation reactor in the Big 
Rock Point Nuclear Power Plant.® Investiga- 
tions using accelerometers and Strain gauges 
Showed that the vibration was caused by in- 
adequate distribution of the water coolant as it 
entered the reactor vessel. The manner in 
which the problem was solved by adding a baffle 
and by modifying the core support plate and 
72 fuel channels will be described in an article 
on reactor-modification methods in the next 
issue of Power Reactor Technology. That arti- 
cle also will discuss modifications to the 
thermal-shield support in the Big Rock Point 
reactor.’ These were required when several 
Studs fractured by thread-root fatigue after 
fretting had enlarged clearances. The fretting 
occurred when small pressure fluctuations 
across the large surface of the thermal shield 
caused significant wear forces between line- 
contact sliding surfaces, 
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Hydraulically induced fretting corrosion was 
found when the Yankee power reactor was first 
refueled.? Zircaloy to stainless-steel joints on 
the fuel elements had corroded to a depth of 
more than 0.1 in. Later, stainless-steel tubes 
of the in-core instrumentation package were 
found to have been damaged by fretting corro- 
sion to a depth of 0.040 in. Evidence also has 
been found that the Yankee control rods had 
fluttered, causing notches to be worn into the 
stainless-steel rubbing straps. 

Steps to prevent such hydraulic problems at 
Yankee have included substitution of stainless 
steel for Zircaloy in parts that might rub, 
replacement of the 24 guide tubes, and installa- 
tion of impact sleeves to act as cushions or 
vibration absorbers, and at the same time to 
give larger (100-fold in some cases) surfaces 
for dissipating impact. 

The problem caused by hydraulic flow at 
Yankee has been the failure of 10 holders for 
irradiation coupons. Four were recovered in 
1963, but the other six holders and basket parts 
remained lodged in uncertain positions in the 
reactor vessel until they were recovered during 
the 1965 refueling. 

In the GETR,® hydraulically induced vibra- 
tions of control-rod guide tubes caused exces- 
Sive wear of aluminum core-component Spacer 
pads (see Fig. VII-3). The pads provide lateral 
support for the upper ends of the fuel elements 
and beryllium filler pieces; there is no upper 
grid plate. The ‘4-in. 8-cps vibration of the 
guide tubes affected the reactor log-N period 
instrument, causing large-period recorder os- 
cillations as the spacer pads ablated. When the 
reactor was operating at a steady 30 Mw, the 
recorder showed periods as short as +30 sec, 
which caused repeated alarms. 

Reactor modifications to stop the vibration 
consisted in bolting the free upper ends of the 
control-rod guide tubes to the coolant-flow 
distributor, replacing the guide-tube aluminum 
Spacer pads with stainless-steel bands (fitted 
into slots milled circumferentially around each 
aluminum guide tube in the pad region), and 
installing complete stainless-steel top ends on 
the beryllium pieces. 

No Significant log-N period oscillations have 
been observed Since; at a steady 30 Mw, re- 
corder oscillations indicate periods of +400 sec 
(for reference, the period indication is +1000 
sec with the reactor shut down). No pad wear 
could be detected after operation for one year. 
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In the SPERT-HI reactor primary sysite- 
vibrations broke loose a thermowell.® Fort. 
nately this failure occurred downstream at -- 
pumps, and the 8-in.-long piece of 14-in. p;:- 
was caught below the core. This occurre::: 
together with earlier fatigue failures of in-c: :- 
instrumentation (due to vibration of small par- 
exposed to the turbulent coolant stream), cau:-: 


concern about the 17 remaining thermowelis - ` 


the primary system. Investigation revealed r 
none of these conformed with vendor’s dr3-- 
ings. Strain-gauge’ tests showed that 9- = 


6-in. wells were excited at their natural f | 
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Fig. VIII-3 The GETR, which does not have an "` 
grid plate, employed aluminum spacer pads ter.:- 
eral support of the upper ends of the core con: 
nents § 
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,emcies, but 5-in. wells showed essentially no 
ce itation. Thus 5-in. wells have been installed, 
acA no further thermowell problems have been 
1countered. 


orrosion Problems 


A mysterious form of corrosion of Inconel 
tS been discovered at the Agesta Nuclear 
ower Plant in Sweden.’ The Ågesta reactor, 
pressurized D,O-cooled and -moderated re- 
stor, has a flat hollow lid that is filled with 
ght water for cooling the lid and for radiation 
rielding. This lid is penetrated by 188 Inconel 
ipes for heavy water; 11 of these pipes, used 
yr charging irradiation specimens, are located 
t the periphery and barely pass through the 
Side of the lid (Fig. VII-4). Leakage of heavy 
ater into the lid was discovered and found to 
e caused by corrosion of three of these 
eripheral tubes. 

Examination revealed intercrystalline stress- 
Oorrosion cracking on the tube surface, origi- 
ating from the light-water side. The lid-water 
hemistry had been harmless —pH was main- 
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Fig. VIII-4 Extra wall section was welded around 
zach of 11 Inconel, specimen-charging tubes in the 
shield lid of the Agesta reactor after three tubes 
“racked due to stress corrosion.’ 
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tained between 9.5 and 10.5 by addition of LiOH. 
Chloride-ion concentration was =0.5 ppm, and 
stresses were less than 20% of yield stress. 
Thus this stress-corrosion phenomenon is not 
fully understood; the damaged tubes are being 
examined metallurgically. In this reviewer’s 
opinion the cause for this “abnormal” stress 
corrosion might be traced to the Inconel-tube 
manufacturing process itself. 


Leaks in Mechanical Components 


The Yankee and SPERT-III pressurized- 
water-reactor systems have experienced a va- 
riety of difficulties with leaks in mechanical 
components and resulting troubles. 

At Yankee, early problems were encountered 
with leaks from canned-motor-pump flanges 
and from stem-leakoff type valves.’ The flange 
leakage, which was caused by differential ther- 
mal expansion, is prevented by the use of the 
thermal expansion itself for final tightening of 
the closure; the operators do not pressurize the 
primary system when fluid temperature is low. 
For any cold hydraulic test of the system, the 
operators must adjust the pump flange by 
tightening the bolts. When the inner packing on 
the leakoff type valves could not control the 
leakage to desirable levels, it was necessary to 
remodel the valves to provide deeper inner 
packings. Leakage from the refueling water 
Cavity and the ion-exchange pit at Yankee 
presented vexing problems. Also, one 2-in. 
stainless-steel pipe in the charging line failed 
by cracking due to suspected vibration and 
fatigue, and eight socket welds and seal welds 
have leaked. As the plant has become “broken 
in,” such problems have tapered off — Yankee 
has now logged two complete one-year cycles 
without a primary-system cooldown or depres- 
surization. 

The SPERT-III reactor has experienced leaks 
from valves, gaskets, and piping.° The desira- 
bility of waterproofing all control-system elec- 
trical connections was demonstrated by the 
failure of a single tube fitting in the primary- 
coolant system. Extensive damage from short 
circuits resulted from the complete drenching 
of control-system wiring. 

An unusual kind of leakage was experienced 
with one of the four canned-motor pumps in the 
SPERT-HI primary system. During a plant 
cooldown in November 1964, a pump circuit 
breaker dropped out. Inspection ‘showed that 
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water had leaked through the seals of the 
stator-winding terminal posts and short- 
circuited the windings. The rotor can, stator 
liner, and stator were damaged, and the motor 
section had to be completely rebuilt. Although 
no cause for the leak has been ascertained, it 
is believed that the pump had operated for some 
time with a damaged rotor can. Thus the initial 
damage might have been caused either by a 
foreign particle entering the motor from the 
primary system or by a piece corroded from 
the nitrided surface of the thrust disk. This 
latter is considered more likely because some 
corrosion has been observed on the thrust disks 
of all four pumps. The operators are con- 
sidering replacing the nitrided 17-4 PH mate- 
rial on the thrust-bearing disks by Stellite 19, 
which better resists pitting corrosion. 

All gaskets in the SPERT-HI system. « * “ent 
the heat-exchanger head gaskets (which are 
solid stainless steel), are of the spiral-wound 
asbestos-filled stainless-steel type (Flex- 
itallic); diameters range from 1 to 53 in. Al- 
though experience with this type of gasket has 
been generally satisfactory, some flanged con- 
nections leak slightly during the cooldown por- 
tion of about the first three cycles after gasket 
installation. Thus retightening during eachcycle 
is necessary until the gasket firmly seats. Also, 
if this type of gasket is installed without an 
inside-diameter retaining surface, water flow 
tends to unwind the gasket and pieces break off. 
This adds tramp metal to the system as well 
as weakening the gasketed joints. 

The SPERT-III experience with metal gaskets 
has not been satisfactory. The heat-exchanger 
stainless-steel gaskets leak slightly and errati- 
cally at operating temperature. Although the 
primary control valves originally were fitted 
with solid-metal gaskets and welded canopy 
seals, frequent leaks and repair difficulties 
have prompted their replacement by Flexitallic 
type gaskets. 

Stem galling and leakage through valve seats 
also occurred at SPERT-III. The motor- 
operated temperature-control valves were fur- 
nished with chrome-plated type 304 stainless- 
steel valve stems and Stellite 6 bonnet bushings 
and lantern rings. After about a year of service, 
a valve stem seized and the motor force, in 
addition to the 2500-psi internal pressure, 
broke the packing-gland bolts, necessitating an 
emergency shutdown. After the valve stems 
were overlaid with Colmonoy 6 and new bush- 
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ings of bearing bronze were fitted with grea:-- 
clearance, there were no further troubles 
this kind. 


Repair Procedures 


At Indian Point, two maintenance jobs i: 
volved welding in high-radiation areas.’ ©- 
job was the modification of the nuclear boiler: 
secondary-side blowdown piping (the orig. 
design did not provide for differential therm: 
expansion relative to the boiler shell). T 
protect the welder from the 1.5 to 3 r/hr rac.- 
ation field, a special lead shield on four whee: 
was made of 3- by 3-ft 0.25-in.-thick lez 
plates stacked as many as eight thick; the shie} 
was just high enough for the welder to posite: 
himself under it and “turtle” along while dou: 
the work, which required two to three weeks = 
complete. The other task involved rewelding -: 
an inspection cover on a control-rod guide tut< 
in the upper grid-plate assembly. This plate =. 
located 4 ft below the reactor-vessel flange | 
The radiation field was 10 r/hr with the wate: 
level lowered to just below the plate. A3- = 
4- by 4-ft lead box, with its top open and: 
small round hole in the bottom was made fr:= 
0.25-in. lead sheets. The welder did his wr 
through this hole. He spent an uninterrupte:: 
30 min and received only a very low radiat:: 
dose. 

At the Ågesta Nuclear Power Plant, an w- 
usual repair job was accomplished in connect: 
with the peculiar stress-corrosion cracking -: 
Inconel-600 tubes in the shield lid.’ Thes: 
tubes, which are part of the D,O circuit, pene- 
trate the periphery of the H,O-filled lid ow: 
the reactor vessel; they serve as charg: 
pipes for irradiation specimens. Only 3 of t 
11 peripheral tubes were cracked by the inter- 
crystalline corrosion, which originated on t! 
H,O side, but it was decided to protect... 
11 tubes from further attack by enclosing ex: 
within an extra wall section that would be wekt: 
to the inside of the lid (Fig. VOI-4). This r= 
pair work was extremely difficult because t 
work area was severely restricted by the hear- 
water piping on the lid. Further, the lid strw- 
ture permitted holes of only approximately 6: | 
in diameter to be made for access to the wti:- 
ing area. Thus it was necessary to use mirr= 
and bent electrodes. The repairs took fh. 
months, including demonstration of an efficiz’ 
repair method and recommissioning of the L- 
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The radiation levels in the work area were 
ode rate, 1 to 5 mr/hr, and were chiefly from 
uda deposits in the heavy-water piping atop 
© lid. The fuel contributed to the background 
ly slightly and, therefore, was not discharged 
‘Orm the core during the repair. No worker 
eC ejived more than 0.7 rem. 


-Oomtrol of Oxygen in D20 


Operators of the Plutonium Recycle Test 
‘eactor (PRTR) reported difficulties in reduc- 
ag the oxygen content of the helium-blanketed 
eavy-water systems.'° The oxygen came from 
adiolysis of the D,O and air leaks. The ex- 
ess oxygen quickly disperses through all the 
)>@O Systems because of the common surge tank, 
Or the helium, which is the pressurizing 
medium for the reactor coolant, provides an 
nert atmosphere over the moderator and re- 
‘lector, as well as serving as blanket gas 
»etween the calandria and shields. 

The usual method for reducing the excess 
oxygen involved recombination by adding 
‘*shots” of hydrogen gas directly into the D,O 
coolant. Although chromatographic analyses of 
the helium showed that these injections partially 
reduced the oxygen, they also unexplainably de- 
c reased the indicated content of hydrogen in the 
gas. Investigations employing mass-spectro- 
metric analyses showed that the chromatograph 
was inaccurate (at equilibrium before H, was 
injected, no H, was present and only 12 to 
17% as much D, as the chromatograph had in- 
dicated total H, plus D,) and that the oxygen in 
the gas preferred to combine with the H, in- 
jected into the water rather than with the D, 
already present in the gas. 

When it became clear that injecting hydrogen 
gas into the coolant still did not sufficiently 
reduce the oxygen content of the D,O, tests 
were made to learn the effectiveness of a 
uniform concentration of excess hydrogen in the 
helium supply. Although calculations indicated 
that an initial concentration of 0.3% H, would 
be enough to combine with the oxygen from 

radiolytic dissociation and air inleakage, it 
only very slowly reduced the O, concentration 
in the D,O. Increasing the H, concentration to 
0.6% produced faster results, but only after 
reactor systems reached equilibrium tempera- 
ture after startup. Since a 1% H, concentration 
in the helium was Selected for routine opera- 
tion, there has been very little problem with 
excess oxygen. 
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Research-Reactor Modifications 


Designers of reactor experiments will be 
interested in considering the modifications made 
to irradiation facilities at two pool type re- 
Search reactors to increase their usefulness 
for certain types of experiments. 


Rabbit Facility. An interesting pneumatic ir- 
radiation system has been operated in the 
thermal column of the Industrial Reactor Lab- 
oratories (IRL) 5-Mw pool type research re- 
actor.!! It permits samples to be inserted and 
removed from the 10!! neutrons/(cm?)(sec) flux 
in the column during full-power operation. The 
unique feature of this rabbit facility is that the 
track and 1- by '4-in. vent line were machined 
from graphite and assembled to form two 4- 
by 4- by 5l-in. standard graphite pieces 
(Fig. VIII-5) which, when connected end-to-end, 
fully penetrate the thermal column. The 1%- 
in.-diameter track has an S shape to prevent 
radiation streaming. The low-friction graphite 
track is ideal for rabbit travel; no liner is 
needed that might perturb the flux or cause con- 
tamination problems in the column. 

A maximum rabbit-surface contamination of 
0.05 uc/cm2, due mainly to the 12.9-hr ®Cu 
and 2.58-hr SŠ$Mn from impurities in the AGOT 
graphite, has presented no serious handling 
problems. 

Figure VIII-6 shows the pneumatic system 
used in inserting and returning the rabbit. 


DO Reflector. A vented rectangular alumi- 
num tank! containing 45 gal of heavy water has 
been installed along one full face of the core of 
the University of Michigan reactor (Fig. VHI-7). 
When the core size was reduced, installation of 
the tank converted two radial beam ports into 
tangential ports, increased the thermal-neutron 
flux at the beam-port source planes by 80%, 
and improved the signal-to-background ratio 
by factors of 2.8 and 4.7. Figure VHI-8 shows 
how the installation of the heavy-water reflec- 
tor influenced the ionization-chamber readings. 

When tests showed that the D,O-filled-tank 
reactivity worth (compared to H,O) was only 
half the +0.04 Ak/k prediction calculated, the 
operators increased the core operating mass 
by 12% so as to provide enough excess re- 
activity for routine operation at 2 Mw. 

The maximum credible accident is postulated 
to involve the release into the reactor pool of 
tritium produced in the D,O tank. Thus the 
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tritium content in the tank will be checked every 
800 Mw-hr to ensure that it does not exceed 
90 curies; production-rate measurements pre- 
dict that the D,O will not need reprocessing 
or replacement until the reactor has operated 
15,800 Mw-hr. Calculations had predicted a 
neutron-flux peak in the tank of twice the core 
flux, but preliminary measurements in the tank 
Show that no peak occurs. No evidence of D,O 
radiolysis has been detected. 


Hallam Operation 
in Retrospect 


By Fred A. Smith 


The future operation of the Hallam Nuclear 
Power Facility has been under serious con- 
Sideration since the reactor was shut down in 
September 1964, after failure of seven mod- 
erator elements,!3;14 and August 1965, when the 
U. S. Atomic Energy Commission announced 
termination of its operating contract with the 
Consumers Public Power District of Nebraska. 
Nevertheless, the operating experience gained 
in starting up and operating the 250-Mwit) 
sodium-cooled graphite-moderated reactor is 
well worth reviewing because of its applicability 
to other reactors, particularly those cooled by 
sodium,!°~22 

On the basis of a review of the information 
on Hallam testing, startup, operation, problems 
encountered, corrective steps, and recommen- 
dations for improving plant performance and 
reliability, I have summarized highlights and 
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Fig. VI-8 Effect of D0 reflector on reactor ionization-chanber readings (average 
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have attempted to evaluate the significance of 
this experience. For convenience, I have con- 
Sidered the experience in three categories: 
normal operation, difficult component problems, 
and unresolved problems. 


Summary 


In general, the 80-Mw(e) plant performed well 
until the moderator elements failed- Fig- 
ure VIII-9 summarizes the plant operating 
history. The measured core-physics parame- 
ters agreed well with predictions. Although the 
sodium-heated steam generators operated 
Safely, they were not ın service long enough to 
appraise realistically their operating and main- 
tenance costs. The numerous difficulties en- 
countered in operating with sodium components, 
and some caused by sodium chemistry, em- 
phasize the need for progress in these tech- 
nologies. 


Normal Operating Experience 


As with the startup and early operation of 
most power plants, many Hallam activities and 
components gave no trouble, and others caused 
minor difficulties that required modifications 
involving only modest cost and time to make. 


Plant Preoperational Tests. These tests, 
which involved 57 systems or functions,’® began 
after “beneficial occupancy” of the facility in 
August 1961. Dry criticality was achieved in 
January 1962. Then seven months of system 
checkout were required before wet criticality 
was attained on Aug. 25, 1962. Rise-to-power 
tests followed, electricity was generated 
May 29, 1963, and full power was reached in 
July 1963. Thus the total time to take this plant 
from postconstruction occupancy to full power 
Spanned 23 months. This accomplishment must 
be classed as a successful, normal operating 
experience much like that which should be ex- 
pected for any nuclear plant of this size and 
complexity. Although some of the systems 
tested contained components whose operation 
later proved to be difficult or presented unre- 
solved problems, the plant test program rep- 
resents a successful joint venture between 
Atomics International, Consumers Public Power 
District, and the U. S. Atomic Energy Com- 
mission. 


Initial Sodium Fill. The primary and sec- 
ondary systems were initially filled with 
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741,500 lb of sodium in a problem-free opex- 
tion similar to the large-scale transfers 
sodium at Fermi and Experimental Bree :: 
Reactor No. 2 (EBR-II). An electrically heat- 
oil-circulation system liquified the sodz 
which was pumped electromagnetically fr.: 
railroad tank cars. Plant cold traps redu -. 
the oxide content of the sodium enough that t- 
sodium plugging temperature was brought bel: - 
250°F after only approximately 24-hr operat. 
in the secondary system and approximate: 
36 hr in the primary system. 


Nuclear Tests. In general, calculated «=: 
measured nuclear reactivity values agreed e:- 
cellently. In criticality tests 26-2! sodium wo: 
at 350°F in a 53-element core was measur: 
as —6.1% Ak/k; the value calculated was -5.5 
Ak/k. For the 140-element cold, clean cor-, 
b. was measured as 1.109 (9.8% Ak‘); te 
predicted value was 1.069 (6.5% Ak/k). Mez- 
surements of zero-power temperature coeffi- 
cients of reactivity” showed the isotherm: 
coefficient of reactivity to be +0.123 cent £ 
at 400°F and +0.088 cent/°F at 500°F. W: 
20% sodium flow in the primary system, tt: 
“prompt” power coefficient is —0.4 cent Ms : 
and is —0.05 cent/Mw(t) at 240 Mw(t) wz 
96% sodium flow. 

The peak of '*Xe buildup”? occurs approx- 
mately 4.5 hr after a scram from full powt: | 
and is worth —263 cents:of reactivit:. 
Samarium-149 has a peak buildup of 160 ful- 
power days and an equilibrium worth :: 
—122 cents. 

For power operation, investigations of cœ- 
trol-rod patterns” indicate that the axial powe: | 
distribution has a range of peak-to-averu:: 
ratios of 1.40 to 2.62. 


Plant Control System. A number of mi:::: 
problems were experienced. These related t | 
faulty components, fabrication errors, and de- 
Sign shortcomings. 

Of 13 interrelated subsystems of the pla: 
control system, 7 demonstrated Satisfactor 
operation without any corrective action. Th: 
satisfactory systems were the (1) plant powe: 
control, (2) nuclear power control, (3) fuel- 
temperature and coolant-flow (“convectio: 
power”) control, (4) outlet steam (‘‘attempo- 
rator”) control, (5) steam-generator pressure 
relief control, (6) primary block-valve control. 
and (7) secondary-flow control. Minor modifica- 
tions were required to) the) division-of-loa 








281 


1965 


eç HIDI AY QOI tuDN1 SSI) pajsD] S4IYIO ZI AY EGZ PUD QEZ pajsv] səSpno p96[ 42YJO OML `9ç-W 142373 sojvsapou fo əxmltn/ pəmoņof 
BSDINO AY-899T Dn ‘isuoipsado pəl23a/fp KISNOLAƏIS HÐ Futanp Saanziv{ 1Juəut9o19-101D1A9poOtu '‘umopmys ısı ay} aAOfag 'səFomo snorava 
AO{ SUOSDIA PUD ətu11] "SA payDAaUaT səamod qowuaə3y] BAIJDINULND smoys aouBDUAO{Aad BuıJDaLəƏdo 4019034 DDH fo KavuwunS 6-A “sty 


n96 €961 


aq N 0 S V r f N V W d f 0 N 0 S v r r W 


1018349uə95 ueəls u: səqosd — — am oe 
1ƏAƏ| (19lSu! ssdwnd un!ipos— — 





syuəuo ə 
u!0)1] BAIIP 3A [BA-420 |] —gp= =” ™ OW N—-Ol 810901[98J 
wnipos-Asewisd 118day 


ys u! 
-Asepuores siedas !sə|quiul 
PO4-1[0121u02 Om} 398 | dəy 






° SS yZ SOLQWIYY 
Z-(o (821212 »32e day 


yee, (10 dund 

“wnipos s1@da4 wool 

1019jJ9uƏD5B-ue91s u! 

wazsks @A1129104d yee, u@9ls j!e@dƏj 
Ajyipow SSoajea 
9133014} wNipos 319w 
(y!pow *9S-N }uawə pə 
401839pou jO 9@Jnldni 
4911898 39w13 Joup 

poi-103}U09 49949) essay 


E-N PUR “SEW “h6-N Sluəuələ 
1019J9ƏpOu ¿o Əjinl1dni 13}4e 
—€&—— SOWi} dOIP poji- |041uo5 49949) 


9/h-A ƏAI9A WIS ÁS 
-991As98 wnipos-Asewlsd s1eday 


sluəwə(ə JN Ol }4eE8SU! 


2961 
N 0 S V 


s1S91 
(y [12508 


—dunp weezs u! e83| 


418084 :SJj10101J9ƏdoO ƏsSu9Ə°!1 


\ ste 
\_ amon Wn ı pos-Asepuosas 
UIBZUIBW .1S91 WEIS 


sabueyoxa 

}ESY FYBIpawsazu 

PUR 'siol18nl128 BA eA 

-3 133024} ‘sdwnd wnipos 
Ayipow :sydaud 41078; bey 


¿eS Saa as $}uəwə|Ə jolgjə9pou paunzdns 9de) day 
09/92 /6 09/2/Z e9/ei/Z 
“9 bO/S 29/S2/8 
in l Aus S eats. 1dewolo 4amod [nj REA ree ot 
spoun} 3uəwə |e -10}8JƏpOW 1S413 (yi5 415013 


JOZBsIOPOW 4}/ 


000'001 


000 ‘002 


000 ‘00€ 


000 ‘00h 


000 ‘00S 


000 ‘009 


Sanvy-(y4 MW `uOil@3jəuə9 YeaYy BAI }e( NWND 


282 POWER REACTOR TECHNOLOGY 


computer, moderator —coolant control, and 
steam-dump control systems. Although the 
primary-sodium flow control system has op- 
erated satisfactorily, the need for the existing 
recorder—controllers for this system should 
be evaluated more completely for actual plant 
load-following conditions. 

The neutron-flux control system encountered 
difficulties because of below-average reliability 
of components. However, after more reliable 
plug-in components were installed, the neutron- 
flux control system operated uninterruptedly 
longer and was easier to maintain. Feedwater- 
level control posed a difficult problem; because 
level control was limited by the lack of vertical 
head in the horizontal steam generator, it was 
really a problem of steam-generator design 
rather than of instrument control. 

In general, the overall control system has 
responded excellently to intentional transients. *! 
On one occasion the operator manually over- 
rode the instruments, which resulted in a re- 
actor scram. Subsequent investigation revealed 
that the automatic control-rod response had 
been legitimate. 

On another occasion, when both the conven- 
tional and nuclear plants were operating simul- 
taneously and the conventional boiler suddenly 
dropped off the line, nuclear response was 
immediate. As designed, the reactor picked up 
the full turbine load faster than approximately 
20%/min. 


Control-Rod Operation. The control-rodde- 
Sign speeds were verified by preoperational 
tests in air.’ No change in drive speed and 
no malfunctions were found when the control 
rods were tested again during the plant rise 
to power. There were small differences in 
design-vs.-actual rod drop times for the 9-ft 
free fall and full drop-to-snubber closure, but 
they were well within specifications. 

Faulty magnets, shorted coils, and improper 
limit Switches caused spurious scrams of the 
control rods. After the causes of these prob- 
lems were corrected, the control rods worked 
perfectly. Although the difficulties with the rod 
drives involved normal installation adjustments, 
the original control-rod-drive thimbles, which 
were to keep the control rods ina dry helium 
atmosphere, failed; they are discussed further 
under the subsection Unresolved Problems. 


Reactor Heat-Transfer Systems. Overall 
verformance of the heat-transfer system has 
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been equal to or better than design. Total b: 
losses were independent of load and remaire 
at approximately 1.5 Mw/(t), which is less th 


a 1% loss at full load. High-temperature, ug- 
flow, and low-pressure operation has bee 


effected satisfactorily for prolonged perioi: 
Reactor operation as a load-following plant t: 
been very successful. 


Sodium Mechanical Pumps. Both during prs 
operational testing and after plant power oper:- 
tions, the six vertically mounted overhung mc 
chanical type pumps had to be removed íi: 


maintenance.'? Subsequently, these centrifuc: | 


and free-surface pumps (the primary and sec- 





ondary systems each have three) were modifie: 


to: (1) loosen the diametral running clearance: 


of the impeller upper and lower wear ring: 
(2) make more uniform the temperature distr- | 


bution of the exterior casings of the pumps s. 
as to prevent impeller binding, (3) provi:- 
greater area for sodium flow from the bearing: 
to the pump suction, and (4) install sinter 
metallic filters to prevent foreign materi: 
(beads from the welding rods that had bez 
used in fabricating the steam generators) fro= 
entering the secondary-system pumps. Since t: 
corrections, overall performance of the pum: 
has been Satisfactory. Fortunately, like thé 


EBR-II and Fermi mechanical pumps, the Hal- | 


lam pumps were designed so that that the 'r- 
peller and shaft can be removed relative: 
easily from the volute casing, making fiel: 


maintenance possible.’® It is easier to remov. | 


maintain, and replace a sodium pump than ı 
deep-well pump, a boiler feedwater pump, .: 
a similar major pump.*™ 


Leakage Through Sodium Valve Seats. f.: 


plant safety the sodium in the reactor drain ax 


fill lines must be kept molten by heating t= 
lines. However, seepage of radioactive sodiurt 
across the drain-line valves limited personze: 
access to the sodium service cell (where ts 
cold and hot traps are located) during react.: 
operation. To avoid the problem, a bypass L 
has been installed in the primary-Sodium ser- 
vice system to connect each main coolant lo:: 
to the drain tanks without passing through t 
sodium service cells. 


Bellows -Seal Valves. The bellows in abu! 
11% of the 2-in. (or less) sodium valves in tt 
cold-trap and drain circuits have failed. Mc 
of the leaks occurred on.valves that wer 
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rtially open for throttling service—none of 
e bellows valves that normally are either 
Lly open or closed failed. The bellows-seal 
Aves that have not leaked were operated 
ibs equently as stop valves. The failed valves 
ive been replaced with freeze-seal valves or 
ced orifices, both of which are recommended 
r future installations. It also has been recom- 
ended® that the number of throttle valves 
WOuld be minimized in future sodium plants 
1d that any bellows-seal valves be tested 
tOroughly at various openings and with sodium 
irbulence to be certain that any bellows will 
>t oscillate. 


Plugging Meters. These units, which indi- 
ate the oxide concentration in sodium, have 
perated well in each of the primary and sec- 
ndary systems. However, to eliminate poor 
ushing of the plugged area when the oxide 
aturation temperature approaches the bulk so- 
ium temperature, a minor modification would 
e desirable—a heater should be added to 
aise the temperature of the sodium flowing 
hrough the meter above the bulk sodium tem- 
erature.” 


Handling of Core Components. These han- 
ling operations have involved the movement of 
uel elements and control-rod thimbles and, 
nore recently, the removal of moderator ele- 
nents. Facilities for cleaning and inspecting 
‘ore components have operated as designed.57,38 
Che fuel-handling machine and its gantry and 
rolley assembly were tested with a core 
nockup vessel before delivery to the site.’ 
Chus the system has operated well with only 
ninor changes required since installation. This 
success indicates the desirability of pretesting 
‘ull-size components. Hallam experience with 
1andling damaged core components points up 
he desirability of handling-equipment designers 
riving thought to being able to dislodge and re- 
move damaged core components expeditiously. 


Difficult Component Problems 


The operation of some components and sys- 
tems revealed considerable or sustained diffi- 
culties that involved substantial cost and time 
to correct. 


Nuclear Instruments. Electrical noise in- 
terference, high instrument temperatures, and 
difficulty in achieving rapid response have been 
problems. Power-range instruments required 
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only minor modifications. But the intermediate- 
range log-,N' instruments encountered difficul- 
ties caused by poor design and poor quality 
control. Because the average signal-to-noise 
ratio was only 5:1, the startup-range channels 
initially provided readings with fluctuations 
of far greater magnitude than normally associ- 
ated with nuclear statistics. 

These instrument problems were greater 
than should be expected. An evaluation‘? report 
recommends more stringent performance spec- 
ifications for future plants to eliminate ex- 
tensive testing, repair, and modification of 
nuclear instrumentation. 


Plant Protective Instruments. The main 
functions of this system,‘ which is separate 
from the plant regular control systems, are to 
prevent inadvertent hazardous operation and to 
detect off-normal conditions and then act auto- 
matically to prevent damage to the reactor 
system or heat-transfer-system components. 

Tests and use of the plant protective system* 
led to numerous improvements that eliminated 
(1) noise caused by poorly regulated a-c power, 
(2) noise caused by the grounding pattern, 
(3) drift related to insufficient cooling, (4) short 
lifetime of mechanical “choppers” in the ampli- 
fier, and (5) interaction between protective- 
system components. With these modifications 
the system proved to offer adequate protection 
against potentially hazardous conditions. For 
future designs of such systems, it has been 
recommended that electric power be regulated 
at the point of end use rather than at the source 
with a common regulator.* Future designs also 
Should be studied closely for clear definitions 
of the purpose and function of protective-system 
components. 


Control-Rod Thimbles. The control-rod 
thimbles were intended to isolate the rods 
from the reactor sodium by containing them in 
a pressurized helium atmosphere.“! The reason 
for the selection of a dry control-rod system 
was the state of development of mechanisms in 
sodium at the time the design was fixed. How- 
ever, the Zircaloy-2 walls of 3 of the 19 thim- 
bles cracked early in the prestartup tests of 
the primary sodium system. Study indicated‘ 
that a possible cause of the failure was hydro- 
gen embrittlement due to the diffusion into the 
Zircaloy-2 of hydrogen from the titanium hy- 
dride used as a shielding material in the 
control-rod-drive housing. (For more informa- 
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tion on hydrogen embrittlement of Zircaloy, 
see page 245.) It is interesting to note that 
earlier engineering proof tests of the control- 
rod-drive mechanism and thimbles in sodium 
were conducted without the titanium hydride 
shielding installed. The problem was solved 
when all 19 Zircaloy-2 thimbles in the reactor 
were replaced with thimbles of type 304 stain- 
less steel. 


Throttle Valves. The Hallam primary- 
system throttle valves are freeze-seal ball 
valves actuated by a double jackscrew driven 
by an air motor.“ Difficulties were encoun- 
tered with the valve actuator, shafts, torque 
limiter, and jackscrews. Although the various 
modifications eventually resulted in satisfactory 
operation, the problems were bothersome and 
both they and the corrective measures involved 
an extended period of time. 


Intermediate Heat Exchangers. Vibration 
caused a tube to fail in one of the three inter- 
mediate heat exchangers—which convey heat 
from the radioactive primary-system sodium 
to the nonradioactive sodium in the secondary 
system—in November 1962, which was before 
the reactor was used to produce power. Analy- 
sis indicated that failure was caused by flow- 
induced vibration in the shell (secondary) side 
near the sodium inlet baffles.“* The natural 
frequency of vibration was changed when shims 
were installed between tube rows in the 12 to 
15 ft/sec sodium inlet area. Subsequent tests 
and operations indicate that the vibration 
ceased. Nevertheless this internal modification 
was difficult to make. 

More favorable was the fact that the heat 
transferred by the intermediate exchangers 
was within 12% of the value predicted,*® and 
it did not vary significantly over the plant 
history. Pressure drops were greater than pre- 
dicted—6 vs. 1.2 psi on the primary side and 
14 vs. 6.8 psi on the secondary side. These 
greater than predicted drops are of little con- 
cern because the pump head is sufficient to 
achieve the flows required. 


Steam Generators. These units, of which 
there are three, are described in Refs. 19, 20, 
41, 47, and 48. When plant auxiliary steam was 
used to preheat the steam generators to 300°F 
before they were filled initially with sodium, 
the steam did not distribute the heat evenly over 
the entire steam generator. This relatively 
minor problem was corrected by maintaining a 
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partial vacuum on the steam generator wi- ' 
admitting the preheat steam; this proces: 
distributed the heat so that temperatures sx:: 
within +25 °F. | 

A more difficult problem arose during =: 
tests for the initial rise to power. The thr 
steam generators had 0.60 to 0.70% liq. 
water in the steam leaving the separator, wh 
exceeded the maximum acceptable moist: 
carry-over of 0.25%. After numerous tests." 
it was found that the water level was dropp 
enough that some of the horizontal sSodiu=- 
heated tubes did not have water over thz 
Water level was varying as much as Š in. at f. 
power. Thus carry-over was limited by t“: 
installation of more precise control equipnm: : 
to hold the water level in the evaporator se:- 
tion within +0.7 in. at full power. With the: 
conditions the steam separators have lir: 
capacity above their steam rated capacities .: 
251,000 lb/hr. 

Although it is significant that the overa- 
heat-transfer coefficients for steam generatz 
have remained essentially constant (wh.: 
means no fouling has occurred) and that t: | 
steam generators have not leaked sodium! | 
air or to water (which testifies to the safety : 
the design bases and the fabrication qual: 
control), the need for the numerous tests 47 | 
modifications to solve the moisture carry-ovt: 
problem makes it necessary to consider % 
experience with Hallam steam generators + 
having been difficult. | 


Gas Entrainment in Sodium Expansion Tc’ | 
Originally, all sodium in the three secondar- 
System parallel loops flowed through an el- 
pansion tank in each loop. During preoper- 
tional tests, it was discovered that helm 
cover gas in the expansion tanks became &- 
trained by the sodium and circulated thro 
the system. Although this problem was eliz- 
nated by modifications that caused 96% of t> 
sodium flow to bypass the expansion tank: 
this type of design deficiency cannot be ¢-:: 
sidered normal; the modifications requ 
approximately three months to complete. (©: 
of these expansion tanks cracked during E: 
operation; because this problem has not te 
rectified, it is discussed in the next subsecti-. 













Unresolved Problems 


Operating experience uncovered some pr" 
lems that either have no positive mean: 
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crrection or whose resulting difficulties have 
t yet been corrected. 


Crack in Sodium Expansion Tank. The shell 
One of the three expansion tanks in the sec- 
dary systems cracked near a nozzle.” The 
ack was caused by weld-rod coating entrap- 
ent at an internal baffle plate (the lesson 
armed from this is that internal welds require 
’ecifications similar to external sodium-con- 
immioent welds). Analysis of the nature of this 
\diumm-leakage failure indicates the desira- 
lity of replacing all three tanks if the plant 

to resume operation. Such a change would 
> a relatively minor task. 


Cold Traps for Oxide. Although the initial 
(ficiency of the cold traps, estimated as nearly 
30%, shows their ability to keep the oxide con- 
>nt of the sodium low, the operator must either 
eriodically replace the 10 to 12 plugged cold 
caps or install larger traps. The original 
raps plugged relatively rapidly because of the 
xide that formed in the sodium during the re- 
airs and modifications to the secondary system 
nd the intermediate heat exchanger. 

Because of mechanical interference, main- 
enance men must enter the cell to remove the 
‘rimary-system cold traps.‘ This is no prob- 
em now, but, if a fuel cladding fails and leaks 
ission products into the sodium, remote meth- 
‚ds might have to be devised to replace the 
raps. 


Hot Traps for Carbon. To monitor the carbon 
‘-ontent of the primary-system Sodium, opera- 
ors placed type 304 stainless-steel tabs at the 
sodium inlet of a carbon trap. After being held 
rt 1200°F in the 30 to 40 gal/min sodium flow 
‘or 100 hr, the tabs were removed and analyzed 
shemically and metallurgically. These tabs 
showed no evidence of carburization.® In con- 
‘rast, when fresh type 304 stainless-steel tabs 
were exposed statically at 1200°F for 100 hr 
to a sodium sample withdrawn from the carbon 
trap, the tabs invariably carburized to a range 
of 4 to 147 ppm. Obviously, the problem of 
understanding and measuring the chemical ef- 
fects of various forms of carbon in sodium is 
still unsolved. 


Freeze Traps for Sodium Vapor. Condensa- 
tion or freeze traps are installed at high points 
in the reactor auxiliary sodium systems to re- 
move sodium vapor from the cover gas that is 
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vented or purged when the sodium system is 
being drained or filled.“ Each of these traps 
contains a sodium-level float valve that con- 
trols the leakage of cover gas to the vent; the 
valve opens the gas path to the vent when the 
rising sodium level raises the float, which 
engages a cam that operates a shaft running 
through a sodium “freeze seal.” However, the 
shaft packing that contains and backs up the 
freeze seal has leaked helium and permitted 
some liquid sodium to leak through the shaft 
annulus into the vent, which plugged it. Also, 
because of the variable resistance of the freeze 
seal, excessive manual pressure has been ap- 
plied to this shaft, which broke on several 
occasions. 

Although these problems have not been so 
severe as to warrant redesign of the Hallam 
system, a better system for venting and filling 
inert gas is needed for future sodium plants. 
(For more information on inert-gas systems 
and vapor traps, see page 259.) 


Fuel-Channel Orifices. Adjusting the cool- 
ant flow by means of variable orifices in each 
fuel channel in the core allowed the operators 
to hold coolant exit temperature from each 
channel to within 15°F of the average41,51 Flow 
through the orifice could be adjusted 30 to 
100% by moving the orifice plug its full 4-in. 
stroke; at 100% flow, 4-in. travel changes so- 
dium temperature at the channel exit 90 to 
150°F, However, the inability to move some 
of the plugs, due primarily to sodium oxide, 
has limited the use of these devices. Twelve 
orifices became either fully closed (but there 
is also a bypass), stuck, or broken. In other 
cases, when the drive cable would remain in 
tension after turning was difficult, the orifice 
plug would “creep” so that further adjustment 
would be necessary. 

Although these fuel-channel variable orifices 
could be improved by replacing the flexible 
Shaft with a rod or by installing a bellows, it 
was not practical to make changes on the initial 
core. 


Moderator -Element Failure. Leakage of the 
type 304 stainless-steel cladding onthe graphite 
moderator elements*!*® was a significant event 
of major proportion in that it necessitated 
shutting down the plant for core repairs. By the 
end of September 1964, the cladding on seven 
moderator elements had failed and had flooded 
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the elements with sodium; Fig. VII-10 shows 
the core locations of the failed and suspect 
moderator elements. This flooding reduced 
core reactivity, tilted the flux, and depressed 
the power, by which means the failures were 
detected and the suspect failed elements were 





Fig. VIII-10 Locations in the core of the failed and 
suspect moderator elements. The seven cans that 
actually failed are shown with heavy borders. Ele- 
ment M-87 was not suspected initially. On the basis 
of flux patterns, M-62 and M-67 were suspected, and 
M-79 was regarded asa possible failure, but exami- 
nation showed that all three were intact. 


Vol. 8, "< 


identified®? (see Table VIHI-1); these tests -. 
dicated that 8 and possibly 9 moderator «.-- 
ments had failed, but subsequent examinat 
with boroscopes and electromagnetic prte: 
Showed that only 7 elements had failed. EF: . 
ever, this leakage also permitted the soir.: 
to react with the graphite, which swelled v- 
elements and caused 19 fuel elements to te- 
come stuck in place (none of the thimt:- 
enclosed control rods stuck.) 


Subsequent core-repair work removed ~- 
19 stuck fuel elements; the 7 failed moderat:: 
elements, together with 3 others that suffer:. 
damage in the handling operations, were r- 
placed with 10 new moderator elements => 
July 12, 1965. 

A review of the moderator-element desiz 
material specifications, and inspection and f:- 
rication methods that was made before ù / 
failed elements were removed uncovered ` 
obvious reasons for the failures, althougt :: 
cast suspicion on rewelds that were made :: 
initially defective welds.*’ Although the fri 
report on the detailed examination and anil:- 
sis of the cans was not available as oft- 
writing, Fig. VII-11 shows a typical crack. 
which occurred approximately 3 in. from t 
top of the element in core position M-42. š: 
element cans cracked in similar locatio. 
metallographic study of the type 304 stainles 
steel near the cracks revealed little or: 





Table VIII-1 REACTIVITY REDUCTIONS WHEN MODERATOR- ELEMENT 
CANS CRACKED AND SODIUM ENTERED ELEMENTS“ 








Reactivity reduction, cents 








Date of Corrected for 
Moderator -element Date additional Actually rod-calibration Predicted 
location ruptured disturbance observed error worth* 
M-94 2/2/64 3 4 4 
M-38 2/2/64 20 (M-38) 
and and 9 10.5 
M-62 2/20/64- 11 (M-62) 
2/22, 64 25 29 31 
3⁄6 64— 9 10.5 
3/12/64 
3. 29:.64— 7 8 
4°5/64 
M-3 3/4 64 18 21 21 
M-58 5/ 15°64 16 19 18 
M-51 9:964 23 23 20 
M-42 23 (M-42) 
and 9/26/64 25 25 
M-67 43 43 20 (M-67) [ 43 
9°27 64— 18 18 
9/30/64 
Total 128 139 137 





*Predicted worth is determined by flux weighting to corrected—observed worth of M-3 as 


base. 
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ig. VIII-11 Crack that occurred near the top of the 
in on moderator element in core position M-42 is 
bical of the cracks in six of the seven failed cans.” 


inning or grain distortion™ but found inter- 
ranular separation of the type that occurs 
‘om long-term stress in the range of creep 
2formation (below the yield stress). In this 
rea near the top of the cans, which contain a 
2cuum, the thin type 304 stainless steel is not 
ipported by the graphite. Although a series of 
ingers” is intended to support the cladding 
all, in six of the failed cans some of the 
ngers did not give support. (The seventh 
lement failed rapidly when the swelling of the 
ther elements damaged a process tube, which 
juged the seventh can.) 

The plant designers believe the problem can 
2 solved by eliminating the vacuum in the 
41 moderator cans.® This could be done within 
out six months by installing on each mod- 
rator element an 11-ft snorkel tube that would 
ənt it to the inert cover gas above the sodium 
irface in the reactor vessel. 

From studies made of the design of the failed 
toderator elements,™ it is now clear that the 
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Hallam design does not represent an engineer- 
ing extrapolation of the moderator elements 
used in the Sodium Reactor Experiment.® Fu- 
ture liquid-metal-cooled reactor designs must 
be considered carefully to determine precisely 
which features are truly represented by previ- 
ous experience and to identify design features 
that involve advancements in the state of the 
art and therefore constitute a performance risk. 
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IX 


Power Reactor Technology 


Advancements 
in Organic Coolants 


By J. E. Sawyers, Combustion Engineering, Inc. 


The investigations in organic-coolant technol- 
ogy have involved seven general aspects: (1) 
decomposition by radiolysis and pyrolysis, (2) 
additives to improve resistance to decomposi- 
tion, (3) reclamation methods for used coolant, 
(4) fouling-film formation, (5) corrosion prop- 
erties, (6) heat-transfer properties, and (7) 
possible new coulant materials. Although bi- 
phenyl and other organics have been studied, 
the major work has concentrated on the ter- 
phenyls, especially Santowaxes OMP and R. 
Much of the work summarized here is dis- 
cussed’ in detail in a comprehensive analysis 
of the status of organic-coolant technology 
through mid-1964. 


Decomposition 


Experiments on pyrolysis of biphenyl, ortho- 
terphenyl, and metaterpheny] included limited 
investigations of gamına radivlysis.’ 


The pyrolytic exposures involved various du- 
rations at 750 to 825°F inan autoclave controlled 
within 5°F, After pyrolysis products were ana- 
lyzed and molecular-weight distributions were 
measured, rate constants and heats of reaction 
were calculated. Orthoterphenyl pyrolyzes about 
five times faster than biphenyl and metater- 
phenyl. The data indicate that pyrolysis is a 
first-order reaction. Rate constants for all 
three materials increase with temperature and 
fit reasonably well to an Arrhenius plot. Cal- 
culated heats of reaction are 93 kcal/mole for 
biphenyl, 89 kcal/mole for orthoterphenyl, and 
83 kcal/mole for metaterphenyl. 
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Probable mechanisms are discussed on t- 
basis of reaction-product analyses. Calculaticz: 
of entropies of activation (at 800°F) sugges: 
formation of a high-entropy complex that sut- 
sequently reacts or decomposes to give t: 
products observed. 


The radiolysis experiments were conducte: 
by surrounding the autoclave with spent reacts: 
fuel elements. Low-temperature (below 500‘F 
experiments, where pyrolysis is not significas. 
indicate that radiolysis depends on temper:- 
ture— but there were insufficient data to deter- 
mine this effect quantitatively. In a 775°F ra- 
diolysis experiment, exposure to 2.5 Mr/hr fc: 
840 hr (2.1 x 10° r total dose) decomposed ap- | 
proximately twice as much organic as did pr- 
rolysis alone in a control sample. Analysis ¢ 
the radiolytic decomposition products sugges: 
that the reaction mechanisms change as ter- 
perature increases. Gases produced by gamm. | 
irradiation in the absence of air include aceti- 
lene, ethylene, propylene, and propane. Tk 
observations that radiolysis rate and reactia 
mechanisms depend on temperature agree wit 
work summarized earlier.’ 
















The dose-rate effect on the radiolysis ` 


paraterphenyl was investigated by expos: 
samples at approximately 660°F to electra: 
from a Van de Graaff generator.‘ Values ~ 
Gpolymer, defined as the number of molecules = 
paraterphenyl converted to less-volatile mate 
rial per 100 ev absorbed, were 0.17 to 0.” 
Ggas values, defined analogously for convers:x 
to gaseous products, were 0.017 to 0.037. D=: 
rates between 0.24 and 10 watts/g did notz: 
fect either Gpoiymer OF Ggas- 


Reactor irradiations of Santowax OMP :: 
600°F in a loop in the MIT reactor have er: 
reported.’ After initial buildup of high boile::. 
unirradiated organic was added to manti: 
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eir content at approximately 33 wt.%. Total 
radiation time was approximately seven 
>nths (equivalent energy dose to the cool- 
t was not reported); specimens were taken 
roughout this time. Coolant viscosity, density, 
d average molecular weight remained essen- 
illy constant because of the coolant replace- 
ent. The Santowax OMP degraded to higher 
iler at the rate of 0.15 molecule per 100 ev 
sorbed. 


Seventeen organic compounds, including 12 
mdensed-ring polyaromatics, biphenyl, ortho- 
rphenyl, metaterphenyl, and paraterphenyl, 
id bibenzyl, were studied in pyrolytic and 
idiolytic experiments.° The objectives were 
determine their general decomposition be- 
\vior and parameters that correlate with it. 
ll experiments were performed in vacuum and 
the range 375 to 840°F. A Š Co gamma fa- 
lity and the Brookhaven Graphite Research 
eactor (BGRR) were uSed for the irradiations. 
ammac-irradiated samples were exposed to 
x 10° rads over 7 days; reactor-irradiated 
imples were exposed to 2.1 x 10° rads over 
) days. 
Gas production increases with temperature 
| gamma radiolysis and in pyrolysis (no pro- 
sion was made for measuring gas from the 
GRR samples). For many compounds, pyroly- 
is and gamma radiolysis produced markedly 
ifferent concentrations of hydrogen and meth- 
1e. In general, the most common gases pro- 
uced were ethylene and propane, with less con- 
istent or smaller amounts of ethane, acetylene, 
nd about eight other gases. 
The decomposition rate usually increases 
ith temperature, and the amount of decompo- 
ition in the radiolytic experiment always ex- 
eeded that from the control samples, in which 
nly pyrolysis occurred. Data for decomposi- 
on rate as a function of temperature reveal 
1e same general relation for all compounds — 
rere is a temperature “breakpoint,” below 
hich the increase in decomposition rate with 
emperature is not very substantial and above 
hich the increase becomes very marked. For 
given compound this apparent breakpoint oc- 
urs at about the same temperature during ra- 
iolysis as in pyrolysis, but it occurred at 
ower temperatures for the reactor-radiolyzed 
‘amples than for the gamma-radiolyzed sam- 
les. This difference is attributed to the three- 
Old difference in irradiation times. 
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Experiments showed that, in general, aro- 
matic carbon—carbon bonds are more stable 
against both radiolysis and pyrolysis than are 
aliphatic carbon—carbon bonds. The control 
pyrolysis experiments show that pyrolytic de- 
composition rate increases with time, that is, 
pyrolysis products form increasingly quickly 
aS pyrolysis products build up. Thus the in- 
vestigators concluded that the results of short- 
term pyrolysis studies cannot be extrapolated 
meaningfully to long exposures. On the basis of 
breakpoint observations, they recommend that 
the maximum operating temperature for these 
Organic materials be in the neighborhood of 
750°F to avoid extensive decomposition. 

Several attempts were made to obtain a cor- 
relation between radiolytic stability and other 
compound parameters. Two of these param- 
eters, singlet—triplet excitation energy and 
electron affinity, were reported to indicate 
some reasonable degree of correlation with 
radiolytic decomposition rate. 


Six-Mev electrons have been used’ to irradi- 
ate biphenyl, the three terphenyl isomers, and 
Santowax OMP at approximately 600°F to de- 
compositions of approximately 40%. Five spe- 
cific conclusions are reported: (1) second-order 
kinetics best describe the radiolysis reaction; 
(2) paraterphenyl is more stable than metater- 
phenyl, which is more stable than orthoter- 
phenyl; (3) rate constants increase for succes- 
sive steps in biphenyl radiolysis reactions; (4) 
concentration of molecular-weight multiples of 
the starting material (biphenyl or terpheny]l) 
rises rapidly in the radiolysis-product fraction, 
and (5) there is a linear relation between total 
dose and molecular weight (up to ~1.5 x 10!” 
rads). Nuclear magnetic-resonance measure- 
ments were interpreted to suggest that part of 
the hydrogen generated during radiolysis might 
react with the polymeric products. 


Additives 


Irradiations with 6-Mev electrons were per- 
formed to determine the effects of selected ad- 
ditives on the radiolytic stability of terphenyl.’ 
Total dose was 0.5 to 1.0 x 10'° rads at approx- 
imately 650°F. Additives that contribute sub- 
stantial stability against electron radiolysis can 
be broadly described in three general groups: 
(1) elemental sulfur and compounds containing 
divalent or tetravalent sulfur; (2) fused-ring 
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compounds structurally related to anthracene, 
in which either none of the rings, the end rings 
only, or the center ring only is hydrogenated 
and in which 9 and 10 positions of the center 
ring are occupied by sulfur, nitrogen, and car- 
bon (or, in a few cases, oxygen) atoms; and (3) 
hydrogenated or partially hydrogenated fused- 
ring compounds not necessarily related to an- 
thracene. They reduce electron radiolysis by 
approximately 10 to 25% when added to ter- 
phenyls in concentrations of 3 mole % or less. 
Compounds of the second group depend only 
slightly on concentration, but those of the first 
and third groups depend greatly on concentra- 
tion— elemental sulfur is most effective at 0.7 
mole %. Effectiveness of none of the better ad- 
ditives appears to depend much ontemperature. 

Electron and reactor irradiations have been 
used to measure how various additives affect 
the decomposition of biphenyl, Santowax R, and 
paraterphenyl.® The addition of small (10 to 20%) 
portions of paraquaterphenyl to biphenyl slows 
the decrease in biphenyl degradation by elec- 
trons slightly (=20%) but does not significantly 
affect the reactor-irradiation results. In reac- 
tor irradiation of paraterphenyl, gas and high- 
boiler formation was slowed 10 to 20% by the 
addition of approximately 0.5% of any of various 
additives, including ferrocene, phthalocyanine, 
iron, copper, and cobalt phthalocyanines. 


Coolant Reclamation 


Catalytic hydrocracking has been studied as 
a means to reclaim used organic coolant.°-11 In 
catalyst-screening experiments, cobalt molyb- 
date, nickel oxide, platinum, and cobalt oxide 
plus vanadia (all on low-surface alumina, 50 to 
80 m?/g) proved to be efficient catalysts for 
terphenyls at 600 to 900°F and 500 to1000 psig. 
Catalytic efficiency increased with phenyl chain 
length; nickel oxide on alumina was the most 
Selective to chain length. Further experiments 
were performed with the cobalt molybdate and 
nickel oxide using coolant from core 2 of the 
Organic Moderated Reactor Experiment (OMRE) 
and several other synthetic terphenyl mixtures. 
Continuous-flow hydrocracking of OMRE core 2 
coolant (23% high boilers) at 900°F and 1000 
psig removed 90 to 100% of the high boilers and 
recovered 85 to 95 wt.%. of the feed as usable 
product (some material was lost as light ends 
and some deposited on the catalyst). The aver- 
age molecular weight of the product was 205 to 
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225, compared to 270 for uncracked corr. 


coolant. 


Radiolytic stability of the cracking prod.- 
was investigated by use of a linear accelerz: 
for irradiations of 0.48 to 1.3 x 10! rads. 
650°F. The selectively hydrocracked mater 
was Slightly more stable than Santowax OX: 
Although the hydrocracked material releas- 
up to four times as much gas as did Santos ` 
OMP, the gas amounted to only approximate: 
0.3 wt.% of the sample, and total radiolytic 4-- 
composition was significantly less for the bt- 
drocracked material. Pyrolytic stability of t- 
reclaimed coolant also was studied in 48-:: 
experiments. No thermal high boiler was mr-- 
sured up to 650°F; results are interpreted '. 
Suggest a “threshold” for pyrolysis at 750 °. 
825°F. 


Cost estimates were performed for a 1X:- 
Mw [300 Mw(e)] organic-moderated and -coole 
reactor that produces high boilers at eithe: 
25,000 or 50,000 Ib/day. On the basis of equ;- 
ment amortization within seven years, tot- 
cost for manufacturing hydrocracked usab:: 
coolant would be $0.083/lb (later revised t 
$0.07/lb) for the 25,000 lb/day case and $0.05: 
Ib for the 50,000 Ib/day case, compared :. 
fresh terphenyl coolant costing $0.17/Ib. A:- 
vantages of the hydrocracking reclamation pr+ 
cess would be (1) reductions in coolant-makez 
and waste-disposal requirements and (2) rc 
moval of film-forming material that would fo. 
the fuel elements; these improvements wo. 
reduce overall operating costs. A disadvantaz: 
would be the possible net buildup in the cools: 
of biphenyl, whose high vapor pressure miz: 
cause reactor operating difficulties. 

Economics estimates have been perform 
for catalytic hydrocracking processes to re- 
claim damaged coolants from the 11.4-Mv: 
Piqua Nuclear Power Facility.!? Three hydr`- 
cracker feed schemes were considered: [r+ 
supplied from the bottoms of a flash tank, frc? 
the bottoms of the presently installed distlic: 
column, and directly from the main cool 
stream. Selective hydrocracking of either cæ- 
centrated high boilers or total coolant wa’ 
be efficient and economical, but flash-tank fe: 
is recommended as the most economical. T> 
plant for the flash-tank-fed hydrocracker rt. 
ommended for Piqua would cost $300,000. - 
could maintain high-boiler concentration n ©: 
coolant below 10% and ash concentration at‘ | 
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23rm. Without interest or taxes, payout time 
Ould be approximately 4.6 years, with a sub- 
Equent power-cost saving of 1.08 mills/kw-hr 
efore taxes (0.52 mill/kw-hr after taxes), as- 
u rming full-power reactor operation 60% of the 
me. 

Also studied briefly were the economics of a 
Lash-tank-fed hydrocracker for a 500-Mw(e) 
© ganic-cooled D,O-moderated reactor that op- 
‘rates at full power 60% of the time. If a hydro- 
racker is used instead of a distillation system 
O maintain coolant quality, the estimated saving 
s $205,400/year, and the payout time is 1.0 
‘ear if there are no taxes on the saving (or 1.9 
‘ears with taxes) and if the unit is amortized 
»ver 7.5 years. 

The study also evaluated whether hydrogen 
Ould be recovered from radiolytic gases to 
-educe hydrocracker operating costs. Although 
-echnically feasible, such a process would be 
2>conomically advantageous only with plants 
larger than Piqua. 


Film Formation 


Pyrolytic capsules were used for fouling 
tests performed to evaluate the film-forming 
tendencies of OMRE core 2 coolant??™!! These 
tests consisted essentially of maintaining cool- 
ant samples at 600°F for 24 hr under a nitro- 
gen blanket while a stainless-steel tube held at 
1050°F was immersed in the coolant, after 
which the amount of film deposited on the tube 
was measured. Results indicated that some 
coking did take place on the heaters and that 
60Co and *4Mn concentrated on the heater sur- 
face to approximately 500 times their concen- 
tration in the coolant. Preliminary screening 
of adsorbents that might be useful in removing 
35S and *P from organic coolants indicated that 
metals and reduced oxides might be useful, and, 
in particular, a reduced nickel oxide hydrogena- 
tion catalyst showed good removal efficiencies 
for the concentrations used. 


Engineering -scale equipment and static cap- 
sules were used for fouling studies and ironand 
water solubility studies.® In the static-capsule 
fouling tests, no fouling-film deposits nor de- 
tectable traces of alpha iron were found on the 
type 304 stainless-steel heater test specimens 
exposed to individual terphenyl isomers at 500 
to 800°F. No correlation was apparent between 
the test conditions and the presence or absence 
of small amounts of alpha iron. Terphenyl gen- 
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erally absorbed or reacted with 1 vol.% oxygen 
placed in the cover gas. In the iron and water 
solubility studies, purified orthoterphenyl and 
paraterphenyl were covered with argon contain- 
ing up to 6.5 vol.% water. No iron was found in 
the coolant. Water added to the coolant to a 
maximum concentration of 68 ppm did not 
noticeably affect iron solubility. Although water 
was Slightly soluble in orthoterphenyl, no water 
was found in paraterphenyl. 


Mechanisms of fouling-film formation were 
studied by testing Santowax OMP and coolant 
fluid from core 2 of the OMRE in pyrolytic 
capsules or in a circulating loop in which the 
organic was irradiated with 6-Mev electrons.’ 
Also studied were the effects of temperature, 
flow, pressure, cover gas, and various pre- 
ventive additives. 

In regard to mechanisms, the study indicated 
that film formation on hot surfaces comes from 
(1) mass transfer of iron from the container 
and pipes and (2) deposition of a composite ma- 
terial that forms when high-molecular-weight 
polymers adhere to either soluble or insoluble 
iron in the coolant —and that “to a limited de- 
gree, certain higher molecular weight high 
boilers were more effective in fouling. ” 

The pyrolytic capsule tests showed that film 
formation increases exponentially with surface 
temperature, but bulk temperature is also im- 
portant and is greatly speeded by temperature 
“spikes” of less than 1-min duration. 

In the electron-irradiation loop, film forma- 
tion was (1) not affected greatly by blanket-gas 
pressures over the range 400 to 700 psig, (2) 
inversely proportional to coolant velocity, (3) 
enhanced by surface roughness or projections 
into the coolant stream, and (4) affected by the 
radiation intensity. When the blanket over the 
fluid was hydrogen, rather than nitrogen, the 
film was heavier and had greater thermal 
conductivity. 


Corrosion Properties 


Out-of-pile tests in a tilting-furnace appara- 
tus were used to test the corrosion properties 
of type 304 stainless steel, A-285C mild steel, 
1100 aluminum, Al-288, and SAP M-257 in 500 
to 800°F paraterphenyl and 500 to 710°F ortho- 
terphenyl.® On the basis of rather sketchy data, 
it was concluded that these materials are highly 
resistant to corrosive and mass-transfer attack 
by the terphenyls. 
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The combined effects of exposure to both an 
organic moderator —coolant and reactor radia- 
tion were measured on specimens of various 
materials that had been placed in the core of 
the OMRE for 26 months.!5 Specimens included 
SAE 1020 carbon steel, SAE 4130 low-alloy 
steel, types 410 and 304 stainless steels, alu- 
minum, and magnesium. High-boiling-point im- 
purities in the organic were allowed to rise to 
nearly 30%, at which level they were held dur- 
ing most of the last half of the exposure. The 
SAE 1020 and 4130 steels corroded at the rate 
of approximately 0.0001 in./year. Aluminum 
and types 410 and 304 stainless steels were 
quite resistant to corrosion. Magnesium was 
the only metal that corroded appreciably; these 
measurements seemed to confirm that mag- 
nesium, whether anodized or not, is unsuitable 
for organic-reactor service. It was concluded 
that measurements of corrosion rates in an 
out-of-pile laboratory can predict in-pile cor- 
rosion rates with sufficient accuracy for design 
purposes. 


Corrosion of iron by terphenyl was investi- 
gated with a variety of organic mixtures and 
reagent-quality iron wire.’ Clean terphenyl, 
either irradiated (by 6-Mev electrons) or un- 
irradiated, does not corrode iron, but it be- 
comes corrosive upon oxidation by air. Two 
commercial automotive motor-oil detergents 
were tested for preventive effects, but first 
indications were unfavorable. 

Autoclave and loop tests have been used to 
determine the corrosion rates of structural 
materials exposed to commercially available 
terphenyls (Santowax mixtures); potential cor- 
rosion inhibitors also were evaluated.’® Santo- 
wax R was used in agitated autoclave tests, and 
Santowax OMP was used in the loop tests. Cor- 
rosion rates uSually decrease with exposure 
and depend on fluid velocity and temperature. 
Although the corrosion rates of the various al- 
loys seem relatively insensitive to water addi- 
tions, water did seem to promote a more ad- 
herent oxide scale in the autoclavetests. 


Steel corrosion rates were insensitive to wa- 
ter content up to 2000 ppm, which contrasts to 
the OMRE experience in which particulate- 
formation rates depended directly on water or 
air contamination. Corrosion rates that can be 
expected for carbon or SAE 4130 steels as a 
function of organic bulk temperature are re- 
ported as 0.05 to 0.06 mg/(cm’)(month) at 


600°F, 0.10 mg/(cm?) (month) at 650°F, and 0.2. 
to 0.25 mg/(cm’)(month) at 750°F. Of the thri- 
steels tested, annealed, or sensitized, type 3-- 
stainless steel is the most corrosion resistar 
(it shows negligible corrosion in both the autc- 
claves and the loop), and carbon steel is less 
resistant than ferritic type 410 stainless stec!. 
Limited tests with type 406 stainless steel (13 
chromium—4% aluminum) indicate a corros:?- 
rate as low as that for type 304 stainless steel. 
One advantage of type 406 stainless steel ıs 
that it absorbs approximately 25% fewer ther- 
mal neutrons than type 304. 


Aluminum and specimens made from sSintere: 
aluminum powder (called SAP or APM) wer: 
almost inert to terphenyls with normal wate: 
content. Type 1100 aluminum oxidized on): 
when water content exceeded 1000 ppm. Al- 
though the tests indicated that magnesium an 
its alloys might be attractive as water-removal 
agents, they are unsuitable for use in organic 
reactors because they are readily corroded 
organic coolants. 


Protective coatings were evaluated in auto- 
clave tests. None of a wide variety of coatings 
on zirconium alloys was able to prevent hy- 
driding of the zirconium. Copper and bras: 
corrodes faster than carbon Steel, but beryl- 
lium appears to be quite inert. Although niobiuc 
apparently corrodes more than carbon steel. :: 
might be an effective diffusion barrier betwee: 
aluminum cladding and metallic-uranium fuel. 


Contaminants. The results of these tests ax 
other considerations show that, in general, the 
presence of water, hydrogen, air (oxygen), or 
sulfur in terphenyl enhances corrosion and filr 
formation. Although the effects of minor air 
contamination were negligible in the laborator; 
experiments, experience at the OMRE indicates 
that air contamination of irradiated coor’ 
tends to increase fouling. The fouling tenden: 
of coolants can be reduced if (1) the water» 
oxygen content is minimized, (2) the access :: 
air and water to the coolant system is stncth 
controlled, and (3) larger and more effect: 
particulate-removal systems are used. 


Sampling. For these experiments the worker: 
developed a Significantly improved techniq: 
for sampling Santowax to determine its water 
content. The difficulty had been caused by tt: 
ability of water to flash off from the Santowz: 
at 750°F when the pressure was reduced. : 
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mm pler that simulated a flow sample from the 
toclave was developed to avoid this problem. 


>at-Transfer Properties 


F’orced-circulation heat transfer in organic 
stems has been studied extensively.!’ Boiling 
at transfer with forced-circulation Santowax 
and isopropyl diphenyl has been measured in 

out-of-pile test loop having an electrically 
ated vertical test section;'® Table IX-1 shows 


Table [IX-1 CONDITIONS IN BOILING HEAT- 
TRANSFER EXPERIMENTS'!8 


Isopropy] 
Conditions dipheny]! Santowax R 
>at flux, Btu/(hr)(sq ft) 40,000—100,000 27,000—110,000 


ass velocity, 


Ib. (sec)(sq ft) 325— 630 280—750 
‘stem pressure, psia 21-33 15-28 
ow direction Up only Up and down 
ibcooling, °F 0—17 0—57 


e range of variables investigated. Data for 
.ntowax R heat transfer correlated best with 
evy’s equation;!? Rohsenow’’ and Forster -— 
reif?! equations were less successful. The 
yrrelation was insensitive to flow direction. 
ata for isopropyl diphenyl correlated within 
)% using Levy’s equation; the Rohsenow and 
orster—Greif relations were not triedbecause 
: uncertainty concerning the surface tension of 
propyl diphenyl. 

Void fraction was measured in the Santowax 
experiments by an X-ray transmission tech- 
que. With greater than 8°F subcooling, these 
ita were correlated using a modified form of 
laurer’s equation.”? An expression was de- 
2loped and used with moderate success to 
)jyrrelate void-fraction data near equilibrium 
alk boiling. For equilibrium boiling the ex- 
2rimental results were consistent with pre- 
ictions from a modified Martinelli model.”° 


ossible New Coolants 


Attempts have been made to find an inexpen- 
ive organic coolant with properties similar to 
1e terphenyls.!:24 A large group of high-boiling 
istillates from the petroleum industry which 
'ere studied included recycled oils from some 
atalytic-cracking operations, highly aromatic 
ractions used as feed for producing carbon 
lack in furnaces, and coal-tar distillates. Ir- 
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radiation with 6-Mev electrons usually liber- 
ated more gas from these oils than from Santo- 
wax OMP. Radiation resistance of these oils 
ranged from somewhat lower to somewhat 
greater than Santowax OMP. In general, their 
thermal stabilities were unsatisfactory above 
650°F. 

When these petroleum-base stocks had been 
hydrodealkylated and the coal-tar stocks hy- 
drodesulfurized, they had pyrolytic thresholds 
approximately 50°F less than terphenyl. Ra- 
diolysis of coolants prepared in this manner 
formed polymer only 50 to 75% as fast as did 
terphenyl but liberated gases several times 
faster than terphenyl. Viscosities, vapor pres- 
sures, densities, and hydrogen densities were 
very similar to terphenyl. The film-forming 
tendency of these materials has not been tested, 
but no coking was observed up to 750°F. Al- 
though estimates based on these data indicate 
that these coolants could be produced cheaply 
enough that inventory and makeup costs would 
be somewhat less than for terphenyl in a con- 
ventional steam plant where bulk temperatures 
do not exceed 700°F, these experiments did not 
include in-pile or neutron irradiations. Thus 
the results are only indicative. 
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perturbations in graphite-moderated, 115 
Critical assemblies (Anna) 
design, 111-12 
Critical assemblies (Helena) 
design, 111 
Critical assemblies (OCF) 
pulsed neutrons in, 112 
Critical assemblies (ROSPO) 
design, 112 
Critical assemblies (Scorpio I) 
criticality measurements in, 212 
Critical assemblies (Scorpio II) 
criticality measurements in, 212 
Critical assemblies (TCA) 
pulsed neutrons in, 112 
Critical experiments, 109-13, 210-14 
Critical facilities (Alize-IT) 
use of soluble poisons in, 214 
Cross sections, 114-15 
absorption, thermal neutrons in graphite, 
114-15 
calculations, 210, 212 
fission, of 24tPu, 115 
fission spectrum, of 235U, 115 
integral, of °Be, 115 
neutron capture, of Pu isotopes, 211 
Crud 
analysis from VBWR, 254, 256 
Cryogenics 
heat transfer, 232-33 


Decontamination 
sodium reactor coolants, 75-77 
Delayed neutrons 
calculations, 161-62 
Departure from nucleate boiling 
effects of nonuniform heat flux on, 229 
Desalination 
deposits during boiling and heat trans- 
fer through films, 238 
Diffusion length 
thermal neutrons in graphite, 114-15 
Digital computers 
use for reactor control, 226 
Dipheny] 
(see Bipheny]) 
Direct power conversion 
plants, 105-6 
‘‘Dowtherm A‘ coolant 
reactivity effects, 109 


Economics 
of catalytic hydrocrackers for organi: 
coolant reclamation, 292-93 
fast breeder reactors, 35 
radiation effects on core lifetime, 216 
sodium graphite reactors, 155 
Electrical circuits 
SPERT-3, failure, 272-73 
Electrons 
radiation effects on polyphenyls, 
291-92 
Electrostatic precipitations 
use with NaK vapors, 260 
Energy conversion (direct) 
plants, 105-6 
Ethylene glycol 
condensation, dropwise, 233 
Excursions, 221-22 
Exponential experiments, 109-13. 211-1: 


Fission parameters 
calculations, 161-62 
Fission products 
contamination at Dounreay Fast Reactor 
coolant, 75 
gases, monitor for, 263 
Fluid flow, 14-17, 118-25, 163-71, 228-44 
effects on boiling, 253 
large pressurized water reactors, 
142-44 
oscillations in Elk River Power Reac- 
tor, 273 
Fluid flow (annular) 
transition to two-phase, 234 
Fluid flow (froth) 
occurrence and characterization, 123 
Fluid flow (turbulent) 
bubble studies, 234-35 
heat transfer in annuli, 122 
Flowsheets 
Halden Reactor, 50 
soluble poison control systems, 11 
Forced convection 
(see Convection (forced)) 
Free convection 
(see Convection (free)) 
Freeze traps 
for Na in Hallam Power Reactor, 285 
Freon systems 
boiling burnout in, 166 
Froth flow 
(see Fluid flow (froth)) 
Fuel assemblies 
design for large pressurized-water 
reactors, 139-41 
Fuel cycles 
evaluation for large fast breeder react” 
154-55 
Fuel elements 
Agesta Reactor, 51-52 
burnout of rods, 167 
criticality of pins, 210 
design, 3, 6-9 
design for AGR Reactor, 62 
design for Anna Critical Assemb)h; , 11: 
design for BONUS Reactor, 27 
design for NORA Reactor, 112 
design for RB Reactor, 112 
development for fast breeder reoctors 
86-91 
development of SAP, 37, 39 
fabrication, 126-31 
failures in boiling water reactors, 234- 





failure due to internal pressure, 252 
failure in VBWR, 252-54, 256 
Marviken Reactor, 51-52 
radiation effects, 7-8, 62, 82, 255-56 
thermal conductivity, 118-21, 129 
‘uel elements (Al-Pu) . 
criticality in graphite lattices, 212 
‘uel elements (BeO-UO,)(Hastelloy-X- 
clad) 
evaluation, 173 
‘uel elements (ceramic) 
design, 3, 6-9, 147-52 
evaluation, 172-74 
‘uel elements (ceramic) (Zircaéloy-2-clad) 
fretting corrosion, 177-82 
‘uel element (cermet) 
development, 89, 126-28 
fabrication, 129 
thermal conductivity, 129 
‘uel elements (enriched U) 
criticality in D20 lattices, 213 
‘uel elements (Incoloy-800-clad) 
evaluation for superheating reactors, 
174-75 
‘uel elements (Magnox-clad) 
burnup, 62 
design, 63-66 
radiation effects, 62 
‘uel elements (Mo-UO; cermet) 
fabrication and thermal conductivity, 129 
‘uel elements (Mo-W-UO, cermet) 
development, 128 
‘uel elements (Nb-ThO2-UOz cermet) 
thermal conductivity, 129 
‘uel elements (Pu) 
criticality in graphite lattices, 212 
‘uel elements (Pu-U) 
criticality in graphite lattices, 212-13 
‘uel elements (PuC-UC) 
design for large fast breeder reactors, 
147-49, 151-52 
‘uel elements (PuO,-UO,) 
criticality in water, 212 
design for large fast breeder reactors, 
149-52 
specifications, 129 
‘uel elements (PuO,-UO;)(Zircaloy-2-clad) 
fretting corrosion, 177-82 
‘uel elements (PuO,-UO,)(Zr-clad) 
criticality, 210 
fretting corrosion, 177-82 
‘uel elements (stainless steel-clad) 
design, 3, 6-9 
‘uel elements (stainless steel-UO, 
cermet) 
development, 126-27 
‘uel elements (Th-U) 
development for fast breeder reactors, 89 
‘uel elements (Th-U-Zr)(Zircaloy-2-clad) 
fabrication, 130 
uel elements (ThO2-UO2) 
design, 3, 6-9 
‘uel elements (W-UO2 cermet) 
development, 127-28 
‘uel elements (U) 
criticality in graphite lattices, 212-13 
‘uel elements (UC) 
buckling studies, 111 
development for sodium graphite reac- 
tors, 81-83 
radiation effects, 82 
‘uel elements (UC)(stainless steel-clad) 
evaluation, 174 
fabrication of Na-bonded, 129-30 
‘uel elements (UO?) 
design, 3, 6-9 
fabrication, 129 
thermal conductivity, 119-21 
‘uel elements (UO2)(enriched) 


INDEX, VOLUME 8 


pulsed neutron studies, 112 

Fuel elements (UO2)(stainless steel-clad) 
evaluation, 172 
fabrication, 128-29 

Fuel elements (UO2)(Zircaloy-2-clad) 
evaluation, 172-74 
fretting corrosion, 177-82 

Fuel elements (Zircaloy-clad) 
design, 3, 6-9 
evaluation, 18 

Fueling machines 
Bradwell Reactor, operation, 68 
EBR-2, vapor traps for, 262-63 
design, 68, 141-42 


G 


Gadolinium nitrates 
use of solutions for reactor shutdown, 
226 
GAM-I code 
criticality and cross section calcula- 
tions, 210, 212 
Gases 
entrainment in Hallam Power Reactor, 
284 
fission product monitoring, 263 
thermodynamic properties, 121, 239 
Graphite 
criticality of Pu alloys in lattices of, 212- 
13 
moderator, pulsed neutron studies in, 112- 
13 
thermal neutron absorption cross sec- 
tion and diffusion length in, 114-15 
Gravity 
control rod independence from, 223 


Hastelloy-C alloy 
corrosion in superheating reactors, 23 
Hastelloy-X alloy 
corrosion by No, 173-74 
HEAT-1 code 
thermal conductivity calculations, 118 
Heat exchangers 
concentric tube, dynamic analysis of, 237 
design, 236-37 
efficiency ,.236 
failures in Hallam Power Reactor, 284 
finned tube, 236-37 
heat transfer coefficients for NaK, 
235-36 
Heat transfer, 14-17, 118-25, 163-71, 
228-44, 253 
large pressurized-water reactors, 
142-44 
organic coolants, 123-24, 295 
Heavy water 
chemistry of, 39-40 
control of oxygen in, 277 
criticality studies in lattices of, 213 
moderator, pulsed neutron studies in, 113 
reactivity effects, 109 
reflector, in University of Michigan 
Reactor, 277, 279 
Heavy Water Lattice Project 
buckling experiments, 109-10 
Helium 
thermodynamic properties, 121 
HFN code 
cross section calculations, 212 
Hot traps 
for carbon in Hallam Power Reactor, 
285 


HRG code 
cross section calculations, 212 
Hydriding . 
Zr alloys, 9, 246-51 
Hydrogen 
effects on corrosion by polyphenyls, 
294 
reactions with Zircaloys, 245-46 
thermal conductivity at high tempera- 
tures, 239 


Ice-water systems 
free convection melting, heat transfer 
calculations, 239-40 
Impingement 
vapor traps utilizing, 260. 
Incoloy-800 alloy 
testing for fuel element cladding, 
174-75 
Inconel-X alloy 
corrosion in superheating reactors, 23 
Indium resonance energy 
flux age, 113-14 
TYCHE code, determination by, 113 
Instrumentation 
gas-cooled reactors, 68-69 
Hallam Power Reactor, 283, 285 
large pressurized water reactors, 145-47 
level controllers, failure, 272 
liquid metal level indicators, 176-77 
neutron detectors, 224-25 
pressure switches, failure, 272 
temperature sensors, failure, 272 
Integral cross sections 
Be, 115 
Iron 
corrosion by polyphenyls, 294 


J 


Jet Propulsion Laboratory 
liquid-metal magnetohydrodynamic sys- 
tem research, 207 


Leaks 
Hallam Power Reactor, 282 
pressure vessels, 3 
SPERT-3, 275-76 
Yankee Power Reactor, 275-76 
Level controllers 
SPERT-3, failure, 272 
Level indicators 
for liquid metals, 176-77 
Light water 
(see Water) 
Liquid metals 
(see Metals (liquid)) 
Lithium (liquid) 
thermal, thermodynamic, and flow proper- 
ties, 163-64 
Loss-of-coolant 
accident analysis, 240-41 


Magnesium 

corrosion by polyphenyls, 294 
Magnesium alloys 

corrosion by polyphenyls, 294 
Magnesium oxide systems (MgO- PuO;) 

radiation effects, 8 
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Magnetohydrodynamic systems, 199-209 
Maintenance 
handling of Hallam Power Reactor core 
components, 283 
MARC -2B code 
thermal neutron distribution calcula- 
tion, 215 
Massachusetts Institute of Technology 
liquid-metal magnetohydrodynamic sys- 
tem research, 208 
Melt Refining Process 
vapor traps, 266 
Mercury 
condensation in Ni surfaces, 232-33 
thermal, thermodynamic, and flow proper- 
ties, 163-64 
Metals (gaseous) 
film condensation, 232-33 
Metals (liquid) 
boiling behavior, 231 
level indicators, 176-77 
pumps for, 282 
thermal, thermodynamic, and flow proper- 
ties, 163-64 
use in magnetohydrodynamic systems, 199 
209 
vapor traps for use with, 259-70 
Meters 
plugging in Hallam Power Reactor, 283 
MHD system 
(see Magnetohydrodynamic systems) 
MOCA-2 code 
criticality calculation, 215 
Moderators 
criticality control with, 223-24 
element failure in Hallam Power Reactor, 
285-87 
Molybdenum systems (Mo-W-UQ, 
cermets) 
development for fuel elements, 128 
Molybdenum systems (Mo-UO, cermets) 
fabrication into fuel elements and thermal 
conductivity, 129 
Multiplication factors 
for EBR-I, with Pu core, 158-59 


NaK 
(see Potassium alloys (K-Na)(liquid)) 
Natural convection 
(see Convection (free)) 
Neutrons 
age determination, 113-15 
delayed, 161-62 
detector design, 224-25 
flux measurements, 157-58 
pulsed, 112-13 
scattering, 116 
thermal, 114-15, 215 
thermalization, 115-16 
Nimbus Satellite 
thermal design calculations, 240 
Niobium 
corrosion by polyphenyls, 294 
Niobium alloys (Nb-Zr) 
corrosion, 42-45 
hydriding stress allowance, 9 
use in pressure tubes, 41 
Niobium systems (Nb-ThO;-UO; 
cermets) 
thermal conductivity, 129 
Nitrogen 
corrosive effects, 173-74 
Noble gases 
thermal conductivity at high tempera- 
ture, 239 
NPY Project, 111-12 
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Organic coolants 
(see Coolants (organic)) 
Orifices 
operating problems in Hallam Power 
Reactor, 288 
Oxide films 
effects on hydriding of Zr alloys, 246-48 
Oxygen 
control of concentration in D,O, 277 
effects on corrosion by polyphenyls, 294 


Packed beds 
heat transfer, 237-38 
Petroleum distillates 
development for reactor use, 295 
Physics, 109-17, 154-55, 157-62, 210-20 
Plates 
evaporation rates from hot, 240 
heat transfer from at cryogenic 
temperatures, 239 
Plutonium 
critical experiments, 211-14 
neutron capture cross sections, 211 
Plutonium-239 
neutron capture cross sections, 211 
Plutonium-240 
neutron capture cross sections, 211 
Plutonium-241 
fission cross sections, 115 
neutron capture cross sections, 211 
Plutonium alloys 
criticality in D20 lattices, 213 
Plutonium alloys (Al-Pu) 
criticality, 210, 212 
Plutonium alloys (Pu-U) 
criticality in lattices, 212-13 
Plutonium carbide systems (PuC-UC) 
design of fuel elements for large fast 
breeder reactors, 147-49, 151-52 
radiation effects, 8 
Plutonium carbides (PuC) 
radiation effects, 8 
Plutonium nitrates 
criticality of solution, 213-14 
Plutonium oxide systems 
critical experiments in water lattices, 210 
Plutonium oxide systems (MgO-PuQ)) 
radiation effects, 8 
Plutonium oxide systems (PuO2-UQ2) 
critical experiments in water 
lattices, 210, 212 
design of fuel elements for large fast 
breeder reactors, 149-52 
fuel elements, fretting corrosion of 
Zircaloy-2 cladding, 177-82 
fuel elements, specifications, 129 
radiation effects, 8 
Plutonium oxide systems (PuQ2- ZrO?) 
radiation effects, 8 
Plutonium oxides 
criticality in polystyrene, 214 
Pneumatic systems 
use in control systems, 223 
Poisons, 10-12 
boric acid, 214, 225 
CdSO, solution use, 214 
Gd(NO})3, 226 
use in water-moderated reactors, 217 
Polyethylene 
reactivity effects, 109 
Polyphenyls, 123-24, 290-95 
Polystyrene 
moderating effects on PuQ), 214 
Potassium (liquid) 


thermal, thermodynamic, and flow pruper- 
ties, 163-64 
Potassium alloys (K-Na)(liquid) 
aerosol formation in, 260 
heat transfer coefficients, 235-36 
thermal, thermodynamic, and flow prope:- 
ties, 163 
Power conversion (direct) 
plants, 105-6 
Pressure 
effects on boiling superheat, 253 
Pressure drop 
of air in finned-tube heat exchangers. 
236-37 
turbulent flow through wire-wrapped, 
seven-rod fuel assemblies, 123 
two-phase, 166, 233-35 
Pressure switches 
Elk River Power Reactor, failure, 272 
Pressure tubes 
design, 40-41 
fretting corrosion, 177-82 
Pressure vessels, 12-14 
design for large pressurized water 
reactors, 138-39 
design for Magnox reactors, 66-68 
KRB Reactor, 12-13 
leaks, 3 
SENA Reactor, 12-13 
SENN Reactor, 12-13 
SEP Reactor, 12 
WWER-1 Reactor, 9-10, 12-14 
Pressurized water 
burnout calculations, 121-23 
Pumps 
development for reactors, 18 
liquid metal, for Hallam Power Reactor, 
282 
Hallam Power Reactor, 282 
Pyrolysis 
organic coolants, 290-91 





Rabbit facility 
design and fabrication, 277 
Radiation (thermal) 
heat transfer calculations, 238-39 
Radiation effects 
biphenyl, 290 
contro] rods, 271 
core lifetime, 216 
fuel elements, 7-8, 62, 82, 255-56 
hydriding of Zr alloys, 246-48 
polyphenyls, 290-91, 293-94 
reactivity, 217 
SAP, 38 
Zircaloy-2, 38, 41 
Radiolysis 
organic coolants, 290-94 
Reactivity 
calculations, 217 
changes with irradiation, 216 
effects on, 109-10 
measurements in reactors, 157-59 
Reactors 
(see also Critical...) 
corrosion product deposition in, 252 
future development, 17-20 
reactivity, 216-17 
subcriticality measurement during sh.:- 
down, 224-25 
Reactors (Advanced Gas Cooled)(AGR) 
design, 58 
fuel element design. 62 
operation, 60 
Reactors (Advanced Sodium Graphite! 
buckling studies, 111 


Reactors (Aerospace Shield Test)(ASTR) 
control system, 223 
Yeactors (Agesta) 
corrosion in, 275 
design, 47-48, 52-53 
repair procedures, 276 
Reactors (AKB) 
design, 36 
teactors (Aquilon-II) 
criticality measurements in, 213 
teactors (ARBUS) 
design and operation, 103-4 
Reactors (AVR) 
design, 73-74 
Reactors (Bashful-600) 
design, 53, 55-56 
Reactors (Beloyarsk-1) 
design, 28-34 
Reactors (Beloyarsk-2) 
design, 28-34 
teactors (Big Rock Point Power), 6 
design, 4, 7 
flow-induced vibrations, failures from, 
273 
operating experience, 3 
pumps, 18 
Reactors (BN-350) 
design, 94 
status, 92 
reactors (Bodega Bay Power) 
design, 4 
Reactors (Boiling, Experiments-5) 
(BORAX-5) 
design, 23 
reactors (Boiling heavy-water) 
design, 55 
reactors (boiling-water), 3-29 
corrosion product deposition in, 256 
fuel element failure, 254-56 
radiation effects on fuel elements, 255 
water quality control, 254 
Yeactors (BONUS) 
design, 23, 25, 27 
reactors (BR-3) 
design, 5 
use of soluble poison control, 10, 12 
teactors (BR-5) 
coolant contamination, 75-76 
status, 95 
teactors (Berkeley) 
design, 58 
performance, 60 
teactors (Bradwell) 
design, 58 
performance, 60 
refueling machine operation, 68 
teactors (Calder Hall) 
design, 58 
teactors (CANDU), 37-44 
physics, 217 
teactors (Chapelcross) 
design, 58 
‘eactors (Connecticut Yankee Power) 
design, 5 
teactors (Czechoslovakian Heavy Water) 
design, 56 
teactors (DON) 
design, 36 
teactors (DOR) 
design, 36 
Yteactors (Dounreay Fast) 
fission product contamination of coolant, 
75 
status, 92 
teactors (Dragon) 
design, 72-73 
teactors (Dresden Power), 6 
design, 4, 7 
operating experience, 3 
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pumps, 18 
Reactors (Dungeness) 
design, 58 
Reactors (EDF-1) 
criticality studies in, 213 
design, 58 
Reactors (EDF-2) 
design, 58 
Reactors (EDF-3) 
design, 58 
pressure vessel, 67 
Reactors (EDF-4) 
design, 58 
pressure vessel, 67 
Reactors (EL-4) 
design, 36 
Reactor (Elk River Power) 
control system, 271-72 
coolant flow oscillations, 273 
design, 4 
instrument failure, 272 
Reactors (Enrico Fermi Fast Breeder) 
auxiliary systems, 77-78 
coolant decontamination, 77 
design, 78-80 
operation, 78 
status, 92 
vapor traps, 261 
Reactors (Experimental Beryllium Oxide) 
(EBOR) 
development, 106 
Reactors (Experimental Boiling Water) 
(EBWR) 
operation, 147 
scaling, 252 
Reactors (Experimental Breeder-!) 
(EBR-I) 
nuclear parameters for Pu core, 158-9 
vapor traps, 260-61 
Reactors (Experimental Breeder-2) 
(EBR-2) 
control rod drive mechanisms, 133-34 
design, 78-80 
coolant decontamination, 77 
status, 92 
vapor traps, 261-63 
Reactors (fast breeder), 84-95 
criticality studies, 110 
design of large, 147-55 
gas coolant, 95 
Reactors (Fast Supercritical Pressure 
Power)(FSPPR) 
design, 186-93 
Reactors (Fast, Test)(FARET) 
vapor traps, 264-65 
Reactors (First Atomic Power Station) 
design, 28-29 
Reactors (fog-cooled) 
heat transfer, 228-29 
Reactors (G2) 
design, 58 
pressure vessel, 67 
Reactors (G3) 
design, 58 
pressure vessel, 67 
Reactors (gas-cooled), 56, 58-74 
design of fast breeders, 95 
operating experience, 216 
physics, 216 
Reactors (General Electric Test)(GETR) 
flow-induced vibrations, failures from, 
273-74 
Reactors (graphite-moderated), 28-34 
core physics calculations, 160-61 
Reactors (Halden) 
flowsheets, 50 
operation, 50-51 
water chemistry, 52 
Reactors (Hallam Power) 
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coolant decontamination, 77 
design, 78-80 
operation, 81, 279-80, 282-88 
vapor traps, 264 
Reactors (Hanford Graphite Superheat) 
(HGSR) 
design, 193-98 
Reactors (heavy-water), 35-37 
oxygen concentration contro] in coolant, 
277 
physics, 217 
Reactors (Heavy Water Components Test) 
(HWCTR) 
control rod-guide-tube rupture, 222-23 
shutdown with boric acid, 225 
Reactors (Hector) 
criticality measurements in, 212 
Reactors (Hinkley Point) 
design, 58 
Reactors (Humboldt Bay Power), 6 
design, 4, 7 
operating experience, 3 
Reactors (Hunterston) 
design, 58 
Reactors (Indian Point Power) 
(CETR), 6 
control system, 271 
operating experience, 3 
repair procedures, 276-77 
Reactors (Industrial Reactor Laboratories) 
rabbit facility design and fabrication, 277 
Reactors (JPDR) 
design, 4 
Reactors (Kahl Superheating) 
design, 22, 24 
Reactors (KBWP) 
design, 5 
Reactors (KRB) 
design, 4 
pressure vessel, 12-13 
Reactors (La Crosse Boiling Water) 
(LACBWR) 
design, 4 
Reactors (Large Closed Cycle Water) 
fuel element evaluation, 172 
Reactors (Latina) 
design, 58 
Reactors (Lenin) 
design and operation, 97-98 
Reactors (liquid metal-cooled), 75-96 
Reactors (Lithium Cooled, Experiment) 
(LCRE) 
vapor traps, 266-67 
Reactors (Los Alamos Fast, Core Test 
Facility)(FRCTF) 
vapor traps, 265 
Reactors (Los Alamos Molten Plutonium. 
Experiments) (LAMPRE) 
vapor traps, 265 
Reactors (Loss-of-Flow Test)(LOFT) 
program analysis, 240-41 
Reactors (Lucens) 
design, 36 
Reactors (Magnox), 58-71 
Reactors (Malibu-1 Power) 
design, 5 
Reactors (marine), 97-102 
Reactors (Marius) 
criticality measurements in, 213 
Reactors (Maryla) 
design, 111 
Reactors (Marviken) 
design, 47, 49, 52-55 
Reactors (Minerve) 
criticality measurements in, 213 
Reactors (ML~1) 
fuel element evaluation, 173-74 
Reactors (Molten Salt, Experiment) 
(MSRE) 
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development, 106 
Reactors (NERO) 
design, 100-1 
Reactors (New Production)(N PR) 
tubes and fittings, 134-36 
Reactors (Nine Mile Point Power) 
design, 4 
Reactors (NORA) 
fuel element design, 112 
Reactors (Novo-Veronezh)(WWER) 
burnup, 217 
Reactors (NPD), 35-44 
Reactors (NRX) 
testing of reactor materials in, 38 
Reactors (Oldbury) 
design, 58 
pressure vessel, 67 
Reactors (Organic Cooled, Heavy Water 
Moderated Power) 
design, 36 
Reactors (Otto Hahn) 
design, 98-99 
Reactors (Oyster Creek Power) 
design, 4 
Reactors (Parr Shoals Power) 
design, 36 
Reactors (Pathfinder Power) 
design, 23 
Reactors (Peachbottom Power) 
design, 72-73 
Reactors (pebble bed) 
design, 73-74 
Reactors (Plutonium Recycle Test) 
(PRTR) 
control of oxygen in D,O system, 277 
nuclear parameters, 158 
pressure-tube fretting corrosion, 
177-82 
Reactors (PM-1) 
status, 103 
Reactors (PM-2A) 
status, 103 
Reactors (PM-3A) 
status, 103 
Reactors (portable power), 103-4 
Reactors (pressure-tube), 35-45 
Reactors (Pressurized Heavy Water) 
design, 51-53, 55 
Reactors (pressurized-water), 3-29 
development and design of large, 137-47 
use of soluble poisons for control, 10-12 
Reactors (Puerto Rico Power)(BONUS) 
design, 23, 25, 27 
Reactors (R-1) 
design, 36 
Reactors (R-2) 
design, 36 
Reactors (R3/Adam) 
(see Reactors (Agesta)) 
Reactors (Rapsodie) 
status, 92 
Reactors (RB) 
fue] element design, 112 
Reactors (Romaska) 
design, 105-6 
Reactors (RWE) 
design, 4 
Reactors (San Onofre Power) 
design, 5 
pumps, 18 
Reactors (Savannah River) 
burnout computation, 227 
Reactors (Saxton Power) 
design, 5, 7 
operating experience, 3 
use of soluble poison control, 12 
Reactors (SELNI) 
design, 5 
Reactors (SENA) 
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design, 5 
pressure vessel, 12-13 
Reactors (SENN) 
design, 4 
pressure vessel, 12-13 
Reactors (SEP) 
design, 4 
pressure vessel, 12 
Reactors (Shippingport Pressurized Water) 
(PWR), 6 
design, 5 
fuel element performance, 172, 252 
operating experience, 3 
use of burnable poison, 12 
Reactors (Sizewell) 
design, 58 
Reactors (SM-1) 
status, 103 
Reactors (SM-1A) 
status, 103 
Reactors (SNAP-10A) 
design, 105 
Reactor (Sodium, Experiment)(SRE) 
nuclear parameters of second core, 
157-58 
operation, 80-81 
vapor traps, 264 
Reactors (sodium graphite), 80-84 
steam cycles, 183-85 
Reactors (Southwest Experimental Fast 
Oxide) (SEFOR) 
vapor traps, 265 
Reactors (Special Excursion, Tests-2) 
(SPERT-2) 
critical experiments with, 109 


Reactors (Special Power Excursion, Tests-3 


(SPERT-3) 
electrical circuits, failure, 272-73 
flow-induced vibrations, failures from, 
273-75 
leaks, 275-76 
level controller failure, 272 
Reactors (Steam Generating Heavy Water) 
design, 36 
Reactors (superheating), 22-34 
design of HGSR, 193-98 
fuel element development, 174-75 
Reactors (Tarapur) 
design, 4 
Reactors (TES-3) 
operation, 104 
Reactors (Tokai Mura) 
design, 58 
Reactors (Transient, Test Facility) 
(TREAT) 
vapor traps, 265-66 
Reactors (Trawsfynydd) 
design, 58 
Reactors (UEM) 
design, 5 


Reactors ‘Ultra High Temperature, Experi- 


ment) (UHTREX) 
development, 106 
Reactors (Ulyanovsk) 
design, 25-26 
Reactors (University of Michigan) 
D,O reflectors, 277, 279 
Reactors (University of Missouri at Rolla) 
(UMRR) 
control rod swelling, 222 
Reactors (Vallecitos Boiling Water) 
(VBWR) 
fuel element failure in, 252-54, 256 
Reactors (Vallecitos Superheat) 
design, 22, 24 
Reactors (VULCAIN) 
design, 99-101 
Reactors (water-cooled), 3-29 
material buckling in, 214-15 


physics, 216 
Reactors (water-moderated), 3-29 
material buckling in, 214-15 
physics, 216 
use of poisons in, 217 
Reactors (WWER) 
design, 5 
operating experience, 3 
Reactors (WWER-1) 
design, 19-20 
pressure vessel, 9-10, 12-14 
Reactors (WWER-2) 
design, 19-20 
Reactors (Wylfa) 
design, 58 
pressure vessel, 67 
Reactors (Yankee Power), 6 
control system, 271-72 
critical experiments, 210 
design, 5 
flow-induced vibrations, failures from, 
273-74 
leaks, 275-76 
operating experience, 3 
pumps, 18 
use of soluble poison control, 12 
Reactors (ZPR-3) 
core design, 110-11 
Reflectors 
D20 in University of Michigan Reactcr, 
277, 279 
Resonance absorption 
mathematical analysis, 159-60 
Resonance capture 
in U-238, 215 
Resonance Integral Theory 
calculations, 218 
REX code 
criticality calculations, 210 
ROB code 
thermal conductivity calculations, 11- 
Rubidium (liquid) 
thermal, thermodynamic, and flow pro’ 
ties, 163-64 


Safety 
accident frequency, 221-22 
burnout computation in Savannah River 
Reactors, 227 
coolant flow oscillations in Elk River 
Power Reactor, 273 
fast breeder reactors, 85-86, 153-34 
Hallam Power Reactor, 280 
instrument failures, 272-73 
leaks, 275-76, 282 
loss-of-coolant accidents, 240-41 
shutdown, emergency, 225-26 
University of Michigan Reactor, 279 
University of Missouri at Rolla Resct : 
222 
vibrations, flow-induced, 273-75 
Salt solutions 
heat transfer to, from wire-wrapped. 
seven-rod fuel element bundles, 1- 
Santowax 
sampling techniques, 294-95 
Santowax OMP 
corrosive effects, 294 
film formation by, 293-94 
radiolysis, 290-91 
use in ROSPO Critical Assembly, 11. 
Santowax-R 
corrosive effects, 294 
heat transfer properties, 123-24 224 
radiolysis, 291-92 
SAP 








corrosion by polyphenyls, 293-94 
development for reactor fuels, 37, 39 
radiation effects, 38 
atellites (man-made) 
Nimbus, thermal! design calculations, 240 
eals 
pressure vessel, leaks, 3 
use of freeze, in Hallam Power Reactor, 
283 
hims (chemical), 10-11 
Yankee Power Reactor, 272 
hutdown (emergency) 
use of boric acid, 225 
use of gadolinium nitrate, 226 
intered aluminum products 
(see SAP) 
odium (gaseous) 
freeze traps for, 285 
odium (liquid) 
heat transfer from boiling, 164 
reactor cooling, 75-96 
thermal, thermodynamic, and flow proper- 
ties, 163-64 
odium alloys (K-Na)(liquid) 
aerosol formation in, 260 
heat transfer coefficients, 235-36 
thermal], thermodynamic, and flow proper- 
ties, 163 
odium Components Test Installation 
vapor traps, 264 
odium Test Facility 
vapor traps, 265 
OFOCATE code 
criticality calculations, 210 
vecifications 
fuel elements, PuQ:-UQ:, 129 
pressure vessels, 13-14 
piralator 
heat exchanger, design, 237 
prings 
use in control system, 223 
agnation 
vapor traps utilizing, 260 
ainless steel systems (stainless steel- 
UO; cermets) 
development for fuel elements, 126-27 
ainless steels 
cladding for fuel elements, 3, 6-9 
corrosion of, 254, 293-94 
effects of boiling water on, 255 
performance in water-cooled reactors, 
254, 256 
eam 
effects on hydriding of Zr alloys, 246 
eam (superheated) 
heat transfer, 40, 121 
eam generators 
design for large pressurized water 
reactors, 138 
operating problems in Hallam Power Reac- 
tor, 284 
eam-water systems 
boiling burnout in, 166-67 
flow and heat transfer, 165, 166-70 
eels 
corrosion, 9-10, 293-94 
COKE code, 35 
for heavy water reactor simulation, 35 
ress corrosion 
effects of oxygen concentration, 255 
resses 
(see also Thermal stresses) 
effects on cracking, 252, 255 
ibcriticality 
measurement, 224-25 
ilfur 
effects on corrosion by polyphenyls, 294 
iperheated steam 
(see Steam (superheated)) 
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Superheating 

pressure effects on boiling, 253 
Surfaces 

effects on boiling, 231, 253 


T 
Tanks 
failure of Na expansion, in Hallam Power 
Reactor, 285 
Teflon 


flexible tube heat exchangers, 237 
Temperature sensors 
failure in Elk River Power Reactor, 272 
TEMPEST code 
cross section calculations, 212 
Terphenyl 
heat transfer properties of irradiated, 
123-24 
Thermal conductivity 
effects on pool boiling, 230 
fuel elements, 118-21, 129 
heat transfer calculations, 239 
hydrogen at high temperatures, 239 
noble gases at high temperature, 239 
Therma! neutrons 
absorption cross section and diffusion 
length in graphite, 114-15 
distribution in light-water reactors, 215 
Thermal] radiation 
heat transfer calculations, 238-39 
Thermal stresses 
in fuel elements, 253, 255 
Thermometers 
failure in Elk River Power Reactor, 272 
THERMOS code 
cross section calculations, 212 
thermal neutron distribution calcula- 
tions, 215 
Thorium alloys (Th-U) 
fuel element development for fast breeder 
reactors, 89 
Thorium alloys (Th-U-Zr)(Zircaloy-2-clad) 
fabrication of fuel elements, 130 
Thorium oxide systems (Nb-ThO2-UO, 
cermets) 
thermal conductivity, 129 
Thorium oxide systems (ThOz-UO2) 
fuel element design, 3, 6-9 
radiation effects. 8 
Traps 
for aerosols, 359-70 
for carbon, oxides, and Na in Hallam 
Power Reactor, 285 
for liquid metal systems, 259-70 
Tubes 
(see also Pressure tubes) 
burnout, 16-17 
burnout of water in, 121 
heat transfer from, at cryogenic tempera- 
tures, 239-40 
Tubes (finned) 
use in heat exchangers, 236-37 
Tungsten systems (Mo-W-UOz cermets) 
development for fuel elements, 128 
Tungsten systems (W-UO, cermets) 
development for fuel elements, 127-28 
Turbulent flow 
(see Fluid flow (turbulent)) 
Two-phase flow 
(see Fluid flow) 


Uranium 
criticality in D2O lattices, 213 
criticality in graphite lattices, 212-13 


radiation effects on reactivity, 217 
Uranium-233 
radiation effects on reactivity, 217 
Uranium-235 
fission ratio to U-238, 110 
fission spectrum cross section, 115 
radiation effects on reactivity, 217 
Uranium-238 
fission ratio to U-235, 110 
resonance capture, 215 
Uranium (enriched) 
criticality in DO lattices, 213 
Uranium alloys (Pu-U) 
criticality in lattices, 212-13 
Uranium alloys (Th-U) 
fuel element development for fast breeder 
reactors, 89 
Uranium alloys (Th-U-Zr)(Zircaloy-2-clad) 
fabrication of fuel elements, 130 
Uranium carbide systems (PuC-UC) 
design of fuel elements for large fast 
breeder reactors, 147-49, 151-52 
radiation effects, 8 
Uranium carbides (UC) 
buckling studies, 111 
development for fuel elements for sodium 
graphite reactors, 81-83 
evaluation for fuel elements, 174 
fabrication of Na-bonded fuel elements, 
129-30 
radiation effects, 8, 82 
Uranium nitrides (UN) 
radiation effects, 8 
Uranium oxide systems 
critical experiments in water lattices, 
210 
Uranium oxide systems (Al203-UOz) 
radiation effects, 8 
Uranium oxide systems (BeO-UO?) 
radiation effects, 8 
Uranium oxide systems (BeO- UO) 
(Hastelloy-X-clad) 
fuel elements, evaluation, 173 
Uranium oxide systems (Mo-UO, cermets) 
fabrication into fuel elements and thermal 
conductivity, 129 
Uranium oxide systems (Mo-W-UO 
cermets) 
development for fuel elements, 128 
Uranium oxide systems (Nb-ThO2-UO, 
cermets) 
thermal! conductivity, 129 
Uranium oxide systems (PuQ)-UO,>) 
critical experiments in water lattices, 
210, 212 
design of fuel elements for large fast 
breeder reactors, 149-52 
fuel elements, fretting corrosion of 
Zircaloy-2 cladding, 177-82 
fuel elements, specifications, 129 
radiation effects, 8 
Uranium oxide system (stainless steel- 
UO; cermets) 
development for fuel elements, 126-27 
Uranium oxide systems (ThO2-UO2) 
fuel element design, 3, 6-9 
radiation effects, 8 
Uranium oxide systems (W-UQ2 
cermets) 
development for fuel elements, 127-28 
Uranium oxide systems (UO2- ZrO?) 
radiation effects, 8 
Uranium oxides (UO2) 
evaluation, 172-74 
fretting corrosion, 177-82 
fuel elements, design, 3, 6-9 
fuel elements, evaluation, 172-74 
fuel elements, fabrication, 128-29 
fuel elements, thermal conductivity, 
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119-21 

pulsed neutron studies, 112 

radiation effects, 8 
Uranium silicides (U3Si) 

radiation effects, 8 
Uranium sulfides (US) 

radiation effects, 8 
Uranium systems 

criticality in water lattices, 210-11 
Urany] nitrate 

criticality of solutions, 213 


v 
Valves 
performance in Hallam Power Reactor, 
282-84 
Vapor traps 


for liquid metal systems, 259-70 
Vaporizers 
flow stability in forced convection, 231- 
32 
Vena contracta 
mixing during reexpansion, 235 
Vertical channels 
(see Channels) 
Vibrations 
flow-induced, failures from, 273-75 
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Water 

burnout heat flux under forced 
convection, 122 

condensation, 233 

corrosion of steel, 9-10 

criticality studies in lattices of, 210-212 

dissociation, effects on hydriding 
of Zr alloys, 248 

effects on corrosion by polyphenyls, 294 


moderator, pulsed neutron studies in, 113 


quality control, 254 

reactivity effects, 109-10 
Water (pressurized) 

burnout calculations, 121-23 
Water-air systems 

flow, techniques for observing, 165 
Water-ice systems 

free convection melting, heat transfer 

calculations, 239-40 

Water-steam systems 

boiling burnout in, 166-67 

flow and heat transfer, 165, 166-70 


Zircaloy alloy 
cladding for fuel elements, 3, 6-9 
effects of hydriding on properties, 245 
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Zircaloy-2 alloy 
corrosion, 42-45 
effects of hydriding on properties, 
245, 248-49 
hydriding, control of, 249-50 
hydrogen absorption, 246 
radiation effects, 38, 41 
use in pressure tubes, 41 
Zircaloy-2 alloy (Ni-tree) 
hydrogen absorption, 246 
Zircaloy-4 alloy 
hydriding, control of, 250 
hydrogen absorption, 246 
Zirconium alloys 
hydriding, 246-51 
Zirconium alloys (coated) 
corrosion by polyphenyls, 294 
Zirconium alloys (Nb-Zr) 
corrosion, 42-45 
hydriding stress allowance, 9 
use in pressure tubes, 41 
clad) 


Zirconium alloys (Th-U-Zr)(Zircaloy-2-¢ is: 


fabrication of fuel elements, 130 
Zirconium hydride 
formation in Zircaloys, 245-46 
orientation, 250-51 
Zirconium oxide systems (PuQ?- ZrO;) 
radiation effects, 8 
Zirconium oxide systems (UOQ2-ZrO:2) 
radiation effects. 8 
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